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Abstract
Anisotropic nanoparticles, such as inorganic nanowires and carbon nanotubes, are
promising materials for a wide range of technological applications including transparent
conductors, thin film transistors, photovoltaic materials, and chemical sensors. For many of these
applications, the starting point requires dispersing the nanoparticles in solution using a surfactant,
and amphiphilic polymers of various types are frequently employed for this purpose. In addition
to colloidal stability, such polymers can control surface adsorption, aggregation and in some
instances, select particular diameters or chemical species for stabilization. A central challenge is
how to predict the ability of a polymer to adsorb and stabilize a nanorod dispersion based on the
chemical composition of the polymer. There is currently no quantitative theory capable of
linking chemical structure to colloidal dispersion for nanorod systems. The goal of this thesis is
to develop the first such model and to verify it experimentally. Applications to DNA
oligonucleotide detection and specifically single nucleotide polymorphism using a fluorescent
single walled carbon nanotube construct are explored.
To address this goal, a high throughput experimental platform was developed to map the
dispersion of a phenylated dextran polymer system as a function of polymer volume fraction and
percent phenylation. A total of 12 compositionally distinct polymers were combined in 8
different concentrations at three different molecular weights (10, 70 and 500 kDa) with single
walled carbon nanotubes in aqueous solution. The resulting mixtures were ultra-sonicated and
centrifuged for 1 hour. The resulting dispersions were assayed by UV-vis absorption
spectroscopy to assess the concentration of stabilized polymer-nanotube complexes. The
resulting plot of stabilized concentration versus % phenoxylation and polymer/nanotube mole
ratio constitutes a unique kinetic phase diagram, allowing one to map the compositional
dependence of the polymer on nanotube stability. Distinct "stability islands", or narrow
compositional ranges, demarcate the area where stable complexes are observed, with a clearly
measured optimal composition. A quantitative theory was developed to describe this
phenomenon incorporating polymer adsorption thermodynamics and the kinetics of interacting
rods in solution. Polymer coated SWNT are modeled as particles randomly diffusing in solution
in the presence of an interaction energy caused by SWNT-SWNT interactions, and the osmotic
pressure induced by the polymer layer on the SWNT. This interaction energy controls the
collision, or aggregation, rate constant and allows for the prediction of SWNT stability as a
function of polymer composition. Once adsorbed, the polymer is modeled as a conventional
polymer brush with a height that is dependent upon the total polymer length and phenoxy
composition. The adsorption step gives a picture of polymers on SWNT with varying numbers of
attachment sites. The theory is able to quantitatively describe the experimental data with high
fidelity.
As an application, we explored the interaction between DNA oligonucleotides and single
walled carbon nanotubes as potential label free DNA hybridization sensors. Semiconducting,
single walled carbon nanotubes fluoresce in the near infrared. Single stranded probe DNA
oligonucleotides were adsorbed to the nanotube surface, colloidally stabilizing the
suspension. The addition and subsequent hybridization of complementary strands on the SWNT
surface caused an increase in the fluorescence energy of the nanotubes. The kinetics and
thermodynamics of the detection mechanism were examined. The hybridization detection was
found to be kinetically slow compared to hybridization between fluorescently tagged free DNA
that served as a control. The energetic barrier to hybridization on the SWNT was determined to
be caused by the initial adsorption energy of the probe DNA on the SWNT surface, which
interferes with the ability of the DNA strands to freely hybridize. The SWNT biosensor also was
successfully used to detect the presence of a single nucleotide polymorphism, or mismatch, in the
complementary DNA sequence. However, the successful detection of hybridization and the
presence of SNP had a notable dependence on the sequence of the DNA strands used. It was
found that only the original probe DNA oligonucleotide sequence 5' -
TAGCTATGGAATTCCTCGTAGGCA - 3' was successful for detection of the complement
and the SNP strand because of the formation of some of the probe strands into dimers that were
bound only in the center. The dimers could keep the initial surface coverage of the nanotubes low
while the loose ends of the dimers could provide sites for the hybridization to initiate.
The ability to link polymer composition to their ability to colliodally stabilize nanorod
suspensions, as enabled by this quantitative theory, should allow for the rational design of
dispersions for a range of technological applications.
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Chapter 1 Introduction, Motivation, and Thesis Objectives
1.1 Introduction to Single Walled Carbon Nanotubes
1.1.1 Single Walled Carbon Nanotube Nomenclature and Species
Single walled carbon nanotubes (SWNT) are single sheets of graphite, or
graphene, rolled into cylindrical molecules with diameters on the order of 1 nm. 1-3 This
cylindrical geometry introduces a circumferential constraint in graphene, a 2-D zero-band
gap semi-conductor, yielding a range of metallic, semi-metallic and semi-conducting
nanotube species depending on the wrapping of the lattice. 1-3 Specifically the various
angles and diameters have been quantified using indices, designated (n,m) 4 as shown in
Bachilo et al. The n denotes the number of indices across from point (0,0), and m denotes
the number of indices down5 (Figure 1.1). The lattice points that are labeled in red and
blue are semiconducting nanotubes. Semiconducting SWNT can be broken into two
subsets: mod 3 = 1 (shown in blue), and mod 3 = 2 (shown in red) where:
n-m
mod 3= (1-1)
- 3
These two subsets led to the full nanotube spectral assignments detailed in Bachilo et al
and exhibit different characteristics that are still not fully understood 6. The unmarked
lattice points along the armchair vector are metallic, while the remaining unmarked
lattices are semi-metals, which behave as metals at room temperature. The angle of
wrapping, or chiral angle, is measured between the zigzag vector and the rollup vector,
and has a maximum value of 300 along the armchair vector.
Zigzag
Figure 1.1: Diagram designating various species of carbon nanotubes. Adapted from Bachilo et a5. A
nanotube is formed by rolling a graphene sheet from the (0,0) point (where the zigzag and armchair vectors
meet) to the center of any other hexagon in the lattice along the roll-up vector. The indices (n,m) are used
to designate the number of hexagons across and down, respectively. The mod 1 semiconducting nanotubes
are labeled in blue, while the mod 2 semiconductors are labeled in red. The unmarked lattice units
represent metals (along the armchair axis) and semimetals (all remaining unmarked lattices).
1.1.2 Synthesis of Single Walled Carbon Nanotubes
Single walled carbon nanotubes can be synthesized through a variety of methods
including arc discharge7, laser ablation8, chemical vapor deposition9, High Pressure
Carbon Monoxide (HiPCO)1o, Cobalt Molybdanum Catalyst (comocat)", and flame
synthesis' 2. For this work either HiPCO nanotubes from Rice Research laboratory
(reactor run 107) or Flame Synthesis nanotubes from NanoC have been used. All of
these methods yield a mixture of semiconducting and metallic nanotubes with a range of
species. Therefore, many post-synthesis approaches have been used in attempts to
separate the nanotubes by species including dielectrophoresis13 14, selective
functionalization of metals followed by electrophoresis15-18, selective wrapping of DNA
sequences19, and density separation20. While the Arnold method 20 has revolutionized the
method for nanotube separation, there is still much work to be done to be able to isolate
any one species of nanotube.
1.1.3 Individual Dispersion of Carbon Nanotubes
Without any modification, raw carbon nanotubes form bundles which are bound
together with a van der Waals energy of approximately 500 eV per micrometer of SWNT
contact21,22. These aggregates result in disruption of the electronic structure of the
individual nanotubes 23. In order to see well-resolved absorption, fluorescence and
Raman spectral peaks, the nanotube bundles must be broken apart and kept
individualized by some means that does not disrupt the pi-bond structure of the sidewalls.
Many methods have been used to break apart the bundles into individual nanotubes.
Early attempts included the use of acid reflux followed by suspension in basic
conditions 24, membrane filtration 25, covalent derivatization followed by suspension in
organic solution26, and size exclusion chromatography27. O'Connell et al used high
energy ultrasonication in the presence of sodium dodecyl sulfonate surfactant to break
apart the SWNT bundles, and colloidally stabilize the individual tubes23 . The
ultrasonication separated individual nanotubes and the surfactant adsorbed to the SWNT
surface to prevent reaggregation. More importantly, this method of suspension enabled
the first report of the experimental verification that semi-conducting nanotubes exhibit
band-gap fluorescence in the near-infrared region, which is the basis of the work in
chapters 3-5. The adsorption spectra also revealed sharp and distinct peaks due to the
individual dispersion. Later, strong, non-covalent adsorption of ds(GT)n-SWNT was also
utilized to suspend SWNT via direct sonication in solution19,28-31
1.1.4 Optical Fluorescence and Absorption of Carbon Nanotubes
The noncovalent, individual dispersion of SWNT in solution allowed for the
resolution of distinct fluorescence and absorption peaks in the nanotube spectra. The
fluorescence spectrum of carbon nanotubes is critical to the work detailed in chapters 3-5
of this dissertation. A fluorescence spectrum, based on a work by Jeng et a132 is shown in
Figure 1.2. A HoloLab 5000 Raman Microprobe was used to collect both Raman and
fluorescence spectra, with a 785nm HeNe laser. The assignment of fluorescence peaks to
individual species is based on the information that was previous published in Bachilo et
aP. The SWNT that is critical to this work is the (6,5) species. This small diameter
semiconductor has a large bandgap over which fluorescence occurs. The fluorescence of
the (6,5) nanotube is more sensitive to the local environment than the other nanotubes
shown here although the reasons for this sensitivity are still unknown 6. The sharp peak
shown at - 895nm is a Raman peak, representing the G-band (for graphite), which is an
indication of the presence and amount of graphitic materials that are present in solution.
1.2
(7,5)
1 - (6,5)
= 0.8
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Figure 1.2: Fluorescence spectrum of oligonucleotide suspended SWNT. Adapted from Jeng et a132.
The fluorescence peaks of four species of nanotubes are labeled. The G-band, a graphitic Raman mode, is
also labeled. An excitation of 785 nm was used.
In chapter 6 the adsorption spectrum at one wavelength is used to compare SWNT
concentrations of multiple samples. While the UV-vis-nlR absorption peaks are sharp, as
shown in Figure 1.3a adapted from Nair et a 33 , each of these peaks and valleys
represents the sum of contributions from multiple nanotube species. In this work the
spectra were deconvoluted to get a measure of the absorption contribution of each SWNT
species. The different peaks are the result of the Ell transition energy (first valence to
first conductance band) and the E22 transition energy (second valence to second
conductance band). The black, green, and red peaks represent the ElI metallic, E22
semiconducting, and Ell semiconducting SWNT, respectively. Figure 1.3b shows the
estimated peak areas for each of the SWNT species present according to the assignments
previously reported in the literature4' 5. The error bars represent confidence intervals
0.8
0.6
0.4
0.2
0
12
10
600 800 1000- 1200 1400 1600
Abs. Wavelength (nm)
0.8 0.9 1.0 1.1
SWNT Diameter
1.2
(nm)
1.3
Figure 1.3: Absorption spectrum of SDS-SWNT. Adapted from Nair et al". a) A representative UV-
vis-nIR absorption spectrum is shown in blue for SDS suspended SWNT. The peaks shown in black, green,
and red are fitting peaks for the Ell metallic, E22 semiconducting, and Ell semiconducting SWNT species in
the suspension. b) The areas of the absorption peaks are shown as a function of the diameter of the
nanotubes in the solution. The red squares denote Ell peaks, the blue circles denote the E22 peaks and the
black triangles denote the metallic peaks.
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based on the student t intervals. As indicated by this spectral analysis, at any given
wavelength, especially in the valleys of the spectrum, the absorption gives an overall
measure of the concentration of multiple species of nanotubes. For the application
detailed in chapter 6 an overall concentration is desired, rather than the concentration of a
specific SWNT species.
1.2 Introduction to Single Walled Carbon Nanotubes as Biosensors
1.2.1 SWNT Electronic Biosensors
The earliest reports of SWNT based biosensors utilized the conducting properties
of carbon nanotubes. Specifically many of the sensors used the superior conductance
properties of metallic nanotubes in electrochemistry setups to detect glucose34,35, DNA36,
and other biological molecules37-39. Most of these biosensors incorporated nanotubes into
the electrode materials to enhance conductance rather than using the nanotube by itself,
and despite covalent sidewall functionalization (ie the disruption of the SWNT pi bond
structure) in some instances, the SWNT was observed to behave electrically like metals39
Biosensors have also been made with SWNT field-effect transistors4045. In this
case the properties of the semiconducting SWNT are utilized between the electrodes as
junctions. These methods have met with a lot of success with detection levels down to
picoMolar concentrations and below. Work by Star et al has used conductance changes
to detect DNA hybridization and SNP 44.
One major difference between the SWNT electronic biosensors, and the
fluorescence biosensors which are discussed in the next section, is that the electronic
sensors use arrays and often bundles of nanotubes. In applications where only metals or
only semiconductors are desired, a mixture of both is necessarily used. Therefore, even
though the detection limit is in some cases lower for an electronic sensor than a
fluorescence sensor, the signal of a specific species of nanotube cannot be isolated with
the electronic sensor, and the sum of the events on all of the nanotubes is reported.
1.2.2 SWNT Fluorescence Biosensors
Although the field of electronic SWNT biosensors is more developed, there are
clear advantages to exploring the optical approach, including the ability to separate
signals from different single species of nanotubes, and in some instances higher
sensitivity down to single copy number detection46. Individually dispersed SWNT are
excellent candidates for optical sensors. SWNT fluoresce at near infrared (nIR)
wavelengths5,23, which is the region where Rayleigh scattering and absorption from
tissue and whole blood is low 5,23,47, allowing for much better tissue penetration than
visible fluorescence with the same intensity. Autofluorescence from cells48 is also low in
the nIR, reducing any false signals due to the noise from the cells. The SWNT are also
resistant to photobleaching 31, unlike traditional fluorophores, making them attractive
candidates for any type of biosensing work, but especially for implantable applications.
Furthermore, all of the atoms in a SWNT are on the surface, making them very sensitive
to molecular adsorption events at their surface' 49. This sensitivity gives SWNT the
ability to detect the adsorption of single molecules 50' 51, making them good candidates for
applications when very low copies of a molecule must be detected. SWNT can also be
individually dispersed by adsorbing molecules to the nanotube surface in solution,
eliminating the need for fluorescent labels and dyes2 8'49 52 53
In terms of using SWNT as fluorescence sensor in conjunction with biological
molecules, a means of individual dispersion is needed that will solubilize the SWNT in
liquid biological media, and be non-invasive to the function and structure of the
biological molecules of interest. Various methods have been exploited to functionalize
the nanotubes, both covalently and non-covalently to make them soluble in the context of
biological applications. In the non-covalent methods, molecules with hydrophobic
groups, such as 1-pyrenebutanoic acid 54, Triton-X-100 55, RNA 56, and DNA19,28,29, have
been adsorbed reversibly to the nanotube surface, while the hydrophilic groups rendered
the conjugates soluble. Non-covalent suspension of SWNT has also been achieved with
many other molecules2 3' 3 1'4 9 52'53 . Covalent functionalization remains the more common
method with various chemistries based on the creation of amino 57 and carboxy124,58
groups on the ends and sidewalls of the nanotubes. At the carboxyl sites, researchers
have attached amine 57,59-62 and thio163 groups, to link various biomolecules 64-6 7 to the
nanotubes. However, for the work done here, noncovalent dispersion of SWNT is a
requirement, as the fluorescence and absorption signatures disappear when the
sp 2 bonding of the SWNT are disrupted. Sodium dodecyl sulfonate (SDS) surfactant
which was used in earlier pioneering SWNT work5,53'68, can disrupt cell membranes, and
other biological structures. Therefore, in the biosensing work detailed in the subsequent
chapters, sodium cholate, a bile salt taken from an ovine source, was used to suspend
SWNT.
Various types of SWNT photoluminescent (PL) optical sensors have been
designed for glucose49,69-7 1, including the first biosensor which relied on a signal
modulation from the nanotube near-infrared fluorescence49. This proof of concept sensor
used a modulation in the fluorescence intensity to detect the presence of glucose at levels
that are relevant to diabetics and had the potential to be an implantable sensor. Other
nanotube fluorescence sensors have relied on a change in the fluorescence energy of the
nanotube to transduce the event. These sensors were used to detect divalent ions30,72, and
genotoxins 46. Nanotubes have already been successfully implanted in cells, allowing for
potential in vivo applications31'61' 73
1.3 SWNT interactions with chainlike molecules
In order to do any detailed optical studies on aqueous phase SWNT, the nanotubes
must have some form of surface coating to prevent aggregation. Many of these
molecular coatings are formed from flexible molecules, including various surfactants 23,53-
55 and DNA 9,28-30,32,46,72,74,75 . These optical studies extend to applications such as
sensors30,32,70-72 , drug delivery and therapeutic vehicle57,60,62-67, and solar cell
applications6 . Individual dispersion is also a requirement for nanoelectronic devices 76 78,
and for current methods to separate an assortment of nanotubes by species 15'16'20. An
understanding of the interaction between these flexible molecules and SWNT would
greatly benefit the design and development of materials for these and other applications.
In particular, the adsorption energy and the conformation of the molecule on the nanotube
surface leading to suspension of SWNT would give researchers the ability to predict
which materials would be the best candidates for their given application.
A model which accounts for the adsorption of the polymer, the interaction
between the polymer-coated SWNT, and the ensuing colloidal stability of the solution is
a complicated task. As such, there have been no reports to date of such a model which
incorporates all of these events. There are a number of models which describe polymer
adsorption from bulk solution onto surfaces. There are also separate models which
describe only the interaction between polymer-coated particles. The diffusion of particles
in the presence of an interaction energy have also been separately explored. While some
experimental work has been done, and attempts have been made to compare experiments
with models, it is still difficult to find a model that is simple enough that it can be used
for quick comparison with measurements that can actually be obtained experimentally. A
brief overview of some of the existing methods is described in this section.
There have been many methods used to describe polymer adsorption to surfaces
including exact enumeration, train-loop-tail models, and Monte Carlo methods, to name a
few 7 9. Since the system described in this thesis work is complex, and the modeling work
represents the first attempt to formulate a description, simpler and more general methods
are preferable as a starting point. Here attention will be given to two general approaches:
scaling and mean field theory methods.
1.3.1 Scaling Methods
In the early 1980's, work by De Gennes 8so describes polymer adsorption using
scaling arguments. This work examined polymer adsorption to a planar surface, for good
and theta (ideal) solvents, and looked at regimes where the planar surface and polymer
were attractive and repulsive, accounting for long range van der Waals forces, and the
effect of hydrodynamic radius. His work was the first construction of a concentration
profile for a polymer at or near a solid wall. Scaling arguments have also been used more
recently to model the adsorption of polymer onto spherical81-83 and cylindrical surfaces 84,
examining the resulting surface density of the polymer coating.
Scaling methods have also been used to examine the interaction between polymer
coated surfaces. De Gennes provides 85 general scaling arguments that can be applied to
the interaction of two polymer coated planes. This work examines both the scenario of
randomly adsorbed polymer on planes, and polymer brushes on a surface, meaning, end
grafted polymers extending outward into solution. Some of these principles have been
applied to the interaction between polymer coated spheres as well 86,87. Aubouy et al
describes the polymer coating in terms of loops and tails of various sizes. A diagram of
randomly adsorbed polymer, polymer brushes, and loops and tails is shown in Figure 1.4.
The scaling method has also been applied to and compared with an experimental system
of mica surfaces interacting with polystyrene in cyclopentane8 8 . These calculations have
also been made for rodlike geometries in order to determine a structure factor to aid in the
interpretation of light scattering experimental data.
Random Brushlike Loops and Tails
Figure 1.4: Conformations of polymer adsorbed to a surface. Adsorption of polymer from solution onto
a planar surface. Models have described the adsorbed configuration as random, end grafted brushlike, and
loops and tails.33
1.3.2 Mean-Field Theory Methods
The objective behind mean field theory (MFT) models is to take a many-body
system, and greatly simplify calculations by treating the system as a single body with an
average or mean interaction. These types of models have met with much success to
describe polymeric systems, which essentially contain many identical monomer "bodies".
The use of MFT to describe polymers adsorbing to planar surfaces has been well
studied. Random adsorption of the polymer has been described by focusing on the
segment density distribution, and putting the polymer chains into the context of a
lattice 89' 90 or continuum model 91. The lattice model treats the chain of monomers as a
random walk and in the simplest case of a cubic lattice, a monomer can occupy one of 6
possible positions relative to the previous monomer, thus constraining the possible
positions of each unit of the polymer. The polymer chain can also be described in a
lattice as a series of loops and tails90 , as with the scaling models. Rather than treating the
polymer as a randomly adsorbed chain, other work has used MFT to deal with the chains
as end grafted polymer brushes 92'93. Fleer et al described a system that could extend the
plane geometry to a spherical geometry, but in the limiting case of a non-interacting
polymer with a surface94 . Additionally, spherical geometries have been studied for loop,
tail 95, and completely random structures of polymer on the surface96 . Cylindrical
geometries have also been studied97-99, including methods extending planar models to
cylinders through the use of curvature factors 00, and an analytical expression to describe
a polymer concentration profile as a function of distance from the cylinder surface 10 1
(with some simplifying assumptions).
Mean field theory has also been used to describe the interaction between polymer
coated surfaces. Calculations have been done for polymer coated planar surfaces in poor
solvents, that is, for low polymer solubility, and denser coiling of the polymer102 . These
calculations have also been done for the same system, except in a theta solvent, where
polymeric units have no interaction with each otherl0 3. The forces between polystyrene
coated planar surfaces in cyclohexane were also tested experimentally for comparison
with the theoretical calculations 04. At high surface concentrations of polymer on a flat
plate, the interaction bridging was calculated between a polymer (adsorbed to surface 1)
and surface 2. For curved geometries, MFT descriptions of the interaction between
polymer coated surfaces have not been studies as extensively. Surve et al have used
MFT to describe both spherical10 5 and cylindrical'0 6 geometries, making mention of
modeling the interaction between two parallely aligned nanotubes.
1.4 Thesis Motivation and Objectives
To date, although many polymeric molecules have been used in conjunction with
single walled carbon nanotubes for applications such as nanoelectronics, drug delivery,
sensors, and solar cells, there still remains a gap in the understanding of how to control
and manipulate the manner in which the polymers interact with the nanotubes. Therefore
the goal of this work is to gain an understanding for the way in which flexible chain
molecules interact on a molecular level with single walled carbon nanotubes (SWNT),
and the effect of these molecules on SWNT optical properties. Specifically, the
objectives accomplished in this work are:
1. Design and develop a DNA hybridization sensor using the fluorescence of SWNT
as a handle for detection.
2. Study and quantify the kinetics and thermodynamics of the detection mechanism
for this sensor including barriers to the practical use of the sensor.
3. Study the sensitivity and robustness of this hybridization sensor to look for
detection of the presence of a single nucleotide polymorphism and to see if the
sensor can be applied generically to any DNA sequence.
4. Design and test an experimental system to study the interaction between polymers
and SWNT and the interaction dependence on the SWNT composition.
5. Develop a model for the experimental system to describe polymer adsorption to
the nanotube surface and the ensuing colloidal stability of the SWNT.
2 Synthesis and Characterization of Individually Suspended SWNT
The unique optical properties of single walled carbon nanotubes cannot be fully
exhibited while the SWNT are in aggregate form23 ,28. As such, the individual dispersion
of SWNT is necessary for any solution phase optical studies. The preparation of all
SWNT samples in this work began with the dispersion of raw, aggregated nanotubes into
solution.
2.1 Individual Dispersion of SWNT using Ultrasonication
For this work, single walled carbon nanotubes in the raw form were suspended in
solution using ultrasonication in the presence of sodium cholate surfactant. Although
dialysis methods can be used to change the molecules coating the surface of a nanotube
resulting in a colloidally stable solution, ultrasonication is required to overcome the
strong van der Waals forces between the nanotubes to disperse them from their raw form.
In this work, two ultrasonication methods were used to disperse SWNT in water.
2.1.1 SWNT Dispersion via Cuphorn Sonication
In the first method 40 mg of High Pressure Carbon Monoxide (HiPco) nanotubes
from Rice Research Reactor (run 107) were dispersed in 200mL of water with 2 weight
percent sodium cholate. When added to water, raw nanotubes aggregate into a distinctly
solid black separate phase. The solution was homogenized for one hour at a frequency of
6.5 min- ' to mix the two distinct phases. In order to break the SWNT bundles, the
solution was ultrasonicated using a cuphorn sonicator operating at 90% amplitude for 10
minutes. At this point the solution was a mixture of individual SWNT, small bundles,
large bundles, and other impurities including amorphous carbon and iron nanoparticle
catalysts from the HiPco process. In order to separate out the individual SWNT and
small bundles, the solution was ultracentrifuged at 30000 rpm for 4 hours. A solid pellet
at the bottom contained the large bundles and impurities. The clear, gray supernatant
containing the individual SWNT and small bundles was decanted into a separate
container for characterization and subsequent experimentation. This method of
dispersion produces a decant solution with a SWNT concentration of- 25-30 mg per liter.
2.1.2 SWNT Dispersion via Probetip Sonication
In the second method 120 mg of NanoC flame synthesis SWNT was added to 40
mL of water with 2 weight percent sodium cholate. The solution was probe tip sonicated
using a 6 mm diameter tip at 40% amplitude (- 1OW) for 1 hour. Due to the long
sonication time and the small volume, the solution was kept in an ice bath during the
sonication to prevent over heating and cutting of the nanotubes. The subsequent
ultracentrifugation and decanting procedures are the same as in the first method. This
sonication method produces a decant solution with a concentration of- 80 mg SWNT per
liter.
2.2 Suspension of SWNT using Dialysis Methods
Single walled carbon nanotubes can be colloidally stabilized with numerous
molecules including various surfactants52, DNA 28, and glucose oxidase protein49
Molecules such as proteins are not suitable for direct dispersion of SWNT using
sonication as the high energy could denature the protein. Therefore, the dialysis method
was also used in this work to suspend nanotubes in aqueous solution. The dialysis
method relies on a slower exchange of molecules coating the nanotube surface as
compared to the quick and high energy sonication method. The dialysis method does not
have enough energy to break apart nanotube bundles, but instead maintains colloidal
stability while the original species of surface molecules are exchanged for a new species.
Therefore the starting solution in the dialysis method is a nanotube dispersion made in
previous sonication and centrifugation steps. In this work sodium cholate SWNT were
used because the cholate molecules adsorb reversibly to SWNT 53, making them easy to
remove, and because the molecules are small and can be easily removed through dialysis.
In brief, the molecules chosen to suspend the nanotubes (DNA in chapters 3, 4, 5, and
dextran in chapter 6) were added to the cholate-SWNT solution. After mixing, the
solution was dialyzed against water or buffer to remove the cholate from the bulk
solution as well as the nanotube surface, leaving exposed SWNT for the suspending
molecules to adsorb. Two different setups were used for this work to suspend SWNT
using dialysis.
2.2.1 Dialysis Suspension of Milliliter Volumes ofSWNT
The first setup used dialysis tubing to produce 1-6 mL volumes of SWNT
suspension. This method is easily scalable and therefore useful to prepare SWNT
solutions of tens of milliliters volumes. This set up was used to suspend SWNT in single
stranded oligonucleotides for the research detailed in chapters 3, 4, and 5. For these
solutions HiPco SWNT from Rice University Research Reactor (run 107) were prepared
in two weight percent sodium cholate and water using the method described in section
2.1.1 and previous work32,49,69,75. Single stranded oligonucleotides were added in excess
to the cholate-SWNT such that the concentration of oligonucleotide in the SWNT
solution was 6.25 micromolar. Oligonucleotides are known to stick to the cellulose based
dialysis tubing so an excess of probe DNA ensured that there was enough DNA to
saturate the SWNT surfaces. The solution was dialyzed against 20mM Tris buffer
(100nM NaC1, 0.5mM EDTA) at pH 7.4 in Spectra Por 12-14 kDa MWCO dialysis
tubing to remove the cholate. Every 6 mL of sample required at least 2 L of buffer for
dialysis. The total dialysis time was 24 hours with a change to fresh buffer after the first
4 hours. After dialysis the solution contained DNA suspended SWNT and free DNA in
Tris buffer. A scheme of the process using dialysis tubing is shown in Figure 2.1.
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Figure 2.1: Diagram of SWNT suspension with DNA using dialysis tubing. The small cholate
molecules are dialyzed away using the 12-14 kD molecular weight cutoff dialysis tubing, leaving behind
DNA oligonucleotides that adsorb to and suspend SWNT. An excess amount of DNA is used and some
oligonucleotide is free in solution.
2.2.2 Dialysis Suspension of Sub-milliliter Volumes of SWNT
In the second setup a well plate dialyzer was used to make 96 individual SWNT
solutions with the possibility of using a different molecule to colloidally stabilize the
SWNT in each well. While this setup allowed for a maximum sample volume of only
300 microliters, the setup had the advantage that many different molecules could be
screened simultaneously in one dialysis run. This setup was used to screen various
dextran lengths, functionalized dextrans, and dextran to SWNT ratios to probe the ability
of the dextrans species to suspend SWNT (see chapter 6). A Spectra Por reusable 96 well
plate dialyzer was used for the dialysis. Samples of cholate SWNT mixed with a
specified amount and species of dextran were added to the well plate with 150 microliters
in each well. A 12-14 kD molecular weight cutoff dialysis membrane was placed under
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the openings of the wells and a pool of buffer was on the other side of the membrane as
shown in Figure 2.2. The samples had a total volume of 14.4 mL and were dialyzed
against 4 L of IX phosphate buffer solution which was circulated using a peristaltic pump.
The dialysis was run for 72 hours and control samples showed black carbon nanotube
aggregates that were visible to the eye.
96 well plate
Outlet to reservoir
Dialysis
Inlet from reservoir membrane
Buffer pool
Figure 2.2: Diagram of 96 well plate dialyzer. The samples are pipetted into the wells and the small
cholate molecules are dialyzed away through the 12-14 kD molecular weight cutoff dialysis membrane at
the bottom of the well. The samples are dialyzed against PBS which is circulated through the buffer pool.
2.3 Characterization of SWNT Dispersions using Fluorescence Spectroscopy
In the development of this dialysis method, careful studies were done to ensure
that cholate was removed from the solution, thereby indicating that the new molecule was
in fact stabilizing the SWNT, rather than the residual cholate. The fluorescence of
SWNT is very sensitive to the local environment of the nanotube, as discussed in Strano
et a153. Specifically, the fluorescence energy is a direct function of the surface coverage
of the nanotube. Subsequent studies have also shown that dialysis suspensions of SWNT
_~_____~
5 D4IUW k,.,I IUIdL: L.IVI..,
(i) i (ii)
-5 -5 - Cholate-SWNT +
E Probe DNA
u -10 - S-10 Cholate-SWNT
-15 (iii
-20 -
0 100 200 300 400
b) Time (min)
1.2
_(iii)
"3 1
* 0.8
0.6ii)
S0.4 - (i)
o 0.2
z
0
937 957 977 997 1017
Wavelength (nm)
Figure 2.3: Verification of cholate removal during dialysis. a) The fluorescence peak energy change
(for (6,5) nanotube) is shown as a function of time during dialysis removal of cholate, with and without the
presence of probe DNA. The adsorption of probe DNA to the nanotube causes an energy decrease, while
the mere removal of cholate does not change the energy. The region within the dashed gray box covers the
points when the cholate concentration fell below the critical micelle concentration, as evidenced by the
formation of aggregates in the cholate-SWNT sample without probe DNA. The labeled points show
cholate-SWNT before (i) and after (ii) dialysis, and probe DNA-SWNT (iii). b) The spectra of the labeled
samples in part a) are shown. Note that the spectra have been autoscaled to highlight the energy shift.
DNA1-SWNT has a lower intensity than the initial cholate SWNT, and the removal of cholate causes a
significant intensity decrease.
with Glucose Oxidase49 and DNA 32,75 result in a red shift of the fluorescence energy as
compared to the starting cholate dispersed nanotubes. This shift, designated as
solvatochromism, is discussed in detail in Choi et a6 .
As a control study for this work, cholate-SWNT was dialyzed with the same
procedure as that described in section 2.2.1, except without the presence of any other
molecules like DNA that could colloidally stabilize the SWNT. Dialysis of cholate-
SWNT without the presence of probe DNA resulted in no significant fluorescence energy
change in the (6,5) nanotube (the peak shown at - 980nm) as the concentration of cholate
decreased below the critical micelle concentration (Figure 2.3a), and visible nanotube
aggregates formed. However, dialysis of cholate-SWNT with probe DNA causes a
fluorescence energy decrease with a steady state value of approximately 17 meV,
indicating that the DNA is adsorbing to the nanotube surface and causing the energy shift
(Figure 2.3b). The energy shift and therefore the adsorption of the DNA to the nanotube
occurs within 10 minutes of the removal of cholate past the critical micelle concentration.
Shown in Figure 2.4, adapted from Jeng et a132 are two fluorescence spectra of
SWNT, suspended with cholate and oligonucleotide, respectively. The full spectra of the
cholate-SWNT and DNA-SWNT show that a bathochromic shift of 17.6 meV (15.6nm)
occurs for the (7,5) tube when the cholate molecules are replaced by DNA
oligonucleotides. The clear red shift to higher wavelength of the oligonucleotide-SWNT
is consistent with a sparser DNA coverage on the SWNT surface as compared to the
smaller, more densely packed, cholate molecules. The greater exposed area on the
SWNT increases contact with water, resulting in a decrease in the
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Figure 2.4: Fluorescence spectra of DNA and cholate SWNT. Raman and nIR fluorescence spectra
indicate significant red shifting of DNA-SWNT compared to cholate SWNT, consistent with a sparser
surface coverage with DNA than with cholate.
SWNT emission energy. 53 This red shift induced by a change in the surface
coverage was first observed in Strano et a 53. In this work the location of the
fluorescence peaks of sodium dodecyl sulfonate (SDS) surfactant suspended SWNT were
studied as a function of the SDS concentration. As the bulk and therefore SWNT surface
concentration of SDS was reduced, a shift to higher wavelength was clearly seen in the
fluorescence spectrum.
A HoloLab 5000 Raman Microprobe was used to collect both Raman and
fluorescence spectra, with a 785nm HeNe laser. The resolution of the spectrometer is 4
wave numbers, which equates to 0.492 meV for a 785nm excitation.
Although there are many different species of nanotubes, as described by the chiral
vectors in section 1.1, this work focuses on only the (6,5) nanotube. The fluorescence of
this small diameter semiconductor appears to be more sensitive to local environment
changes than other semiconductors 6' 30, 32,49,72,74,75. Although attempts have been made to
elucidate the precise reason for a modulation in the (6,5) fluorescence when no
significant changes occur for other SWNT species6, this phenomenon is still not well
understood.
2.4 Characterization of SWNT Dispersions using Absorption Spectroscopy
The first report of SWNT suspension with ultrasonication in surfactant revealed that
the SWNT absorb strongly from the UV to the near infrared regions 23 with distinct peaks
arising from different species of nanotubes 5. Additionally an increased sharpness of the
peaks and valleys are indicative of a better suspension. Since that time, absorption
spectroscopy has been used as a standard method to characterize the efficiency of
dispersion23 28'52 for a nanotube solution23'2 8'52. Specifically, the absorbance is directly
related to the amount of nanotubes that is individually dispersed in solution. The relative
efficiency of dispersion for different solutions of SWNT can be compared through the
absorbance of the solution at a fixed wavelength28' 52 . In chapter 6, absorption
spectroscopy is used to determine the relative amount of dispersed nanotubes which are
suspended in various polymers. In this case, a general measure of the amount of all
species of nanotubes suspended, rather than the suspended amount of one specific SWNT
species, is desired. Therefore the wavelength chosen for the work detailed in chapter 6
was 620 nm, which corresponds to a valley in the spectrum (see section 1.1.5). A valley
was specifically chosen because it is representative of the overlap of multiple nanotube
peaks, as opposed to a peak, which is weighted toward one specific nanotube. This
metric gives a more general measure of nanotube concentration. The concentration of the
SWNT solution can be determined using absorption spectroscopy. The extinction
coefficient of SWNT is approximately 0.036 mg-' L cm-1 at 632 nm. A sample spectrum
with the valley at 620 nm is shown in Figure 2.5.
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Figure 2.5: Sample absorption spectrum. The line through the absorption at 620 nm indicates a valley
point, which will be used to determine the relative amount of nanotubes dispersed in solution.
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3 Design of a SWNT Sensor for DNA Hybridization Detection
Section 1.1.4 discusses the florescence properties of carbon nanotubes. In
particular, the design of this sensor is based on the combination of two of these
properties: the photobleaching resistant 31 fluorescence 23 of semiconducting nanotubes,
and the sensitivity of the fluorescence to the local SWNT environment. Strano et a153
studied the nanotube fluorescence as a function of surface coverage. This work used
excess bulk sodium dodecyl sulfonate (SDS) surfactant to suspend nanotubes and the
concentration of the SDS was systematically reduced. SDS adsorbs reversibly to SWNT,
so a reduction in the SDS bulk concentration necessarily reduces the coverage of the
nanotube surface (see Figure 3.1). As the SDS concentration was reduced, the
fluorescence energy peak centers shifted to higher wavelengths and lower energies. The
rationale behind the DNA hybridization sensor was to use this surface coverage
dependency of the fluorescence to as a way to distinguish hybridized and unhybridized
DNA on the SWNT surface. Specifically, singled stranded DNA could be initially
adsorbed to the SWNT surface via the dialysis method outlined in section 2.2.1 and
hybridization with complementary strands on the surface of the nanotube would increase
the surface coverage, modulating the fluorescence energy.
Figure 3.1: Surfactant adsorbs reversibly to carbon nanotubes. The nanotube surface coverage is
directly related to the bulk concentration of the surfactant. The bulk concentration of the surfactant must be
maintained above the CMC to sustain SWNT colloidal stability.
Detection of specific single stranded DNA sequences through hybridization with
the complementary DNA probe has many applications in the medical and life sciences 0 7
109, environmental science10,111, and microbiology 1 2-115. Hybridization detection
techniques include surface sensors'16,117, used for ultra-low concentration detection, and
solution based sensors' 8,119, that are used for direct detection in biological systems. The
use of fluorescence, specifically for detection in the solution based systems, is
advantageous due to the sensitivity and selectivity of the technique 20. Previous
fluorescence sensors have included DNA chips1 4,121, molecular beacons"8 , and the use
of F6rster Resonance Energy Transfer 19. The fluorescence SWNT sensor presented in
this chapter would allow for simple fluorescence detection, but with a minimum of
photobleaching, and no required chemical modification of the DNA.
3.1 Preparation of DNA Suspended SWNT
The sensors were prepared by suspending the solution phase SWNT with single
stranded oligonucleotides, from henceforth called probe DNA (5' - TAG CTA TGG
AAT TCC TCG TAG GCA - 3'). The probe DNA was adsorbed to the SWNT via the
dialysis method 23,49 detailed in section 2.2.1. This method produced a solution of probe
DNA suspended SWNT mixed with probe DNA that was free in solution. Since the
DNA hybridization could only be detected on the SWNT surface, any probe DNA that
was free in solution would reduce the detection signal by competing with the adsorbed
DNA for hybridization with the complementary DNA. Therefore the free probe DNA
had to be removed from the solution before any further experimentation could take place.
Free DNA was removed from the sample by means of a second dialysis using 100 kDa
MWCO dialysis tubing, and dialyzing against Tris buffer for 48 hours with a buffer
change after 24 hours. The solution remained clear with a gray hue indicating that the
nanotubes were still colloidally stable, and that the DNA was essentially irreversibly
adsorbed to the SWNT.
In order to confirm that the 100kDa MWCO membrane and the 48 hour dialysis
would allow for the removal of the free DNA that did not adsorb to the SWNT, a separate
control experiment was conducted using Fluorescein fluorophore labeled DNA. In this
experiment, fluorescein labeled free DNA dissolved in solution without SWNT was
dialyzed for 48 hours using the 100kDa MWCO membrane. The idea was to track the
rate at which free DNA was removed by monitoring the intensity of the fluorescein in the
dialysis tubing. The dialysis was done in the dark to prevent photobleaching of the
Fluorescein. The fluorescence intensity was measured from 565-600 nm (fluorescence
region of Fluorescein) before and after the dialysis. Figure 3.2a shows that the
fluorescence of the final solution (3.13x10 4) was much less than the initial intensity
(1.18x10 7), indicating that this method was indeed effective for the removal of free DNA.
The Fluorescein intensity was also measured for fluorophore labeled DNA-
SWNT with the free DNA removed to make sure the system did not behave differently in
the presence of SWNT. The fluorescence intensity of the final DNA-SWNT solution
(8.45x10 4) was much lower than the solution of free DNA before dialysis, as expected.
On the other hand, the fluorescence of DNA-SWNT was more than twice as intense as
that of the dialyzed free DNA, which is consistent with the presence of extra DNA
adsorbed to the SWNT surface. The initial concentration of the fluorophore labeled DNA
was 374 nM. Figure 3.2b shows that the SWNT actually quenches the Fluorescein
fluorescence due to the strong absorbance of the SWNT and the close proximity of the
two molecules. Therefore the DNA content in the DNA-SWNT solution is actually
higher than the amount indicated in Figure 3.2a. This control indicated that the second
dialysis step did remove the free DNA from the DNA-SWNT solution. UV-visible
absorption spectroscopy was used to estimate the concentration of DNA in solution. The
optical density of probe DNA (1 nM concentration) is 4.3 at 260 nm, as provided by the
vendor, Integrated DNA Technologies. The optical density of cholate SWNT was
subtracted from that of DNA-SWNT at 260nm to estimate the absorbance and
concentration of DNA in the solution apart from the SWNT absorbance. The final
concentrations of SWNT and DNA in solution were estimated to be 27 nM and 118 nM,
respectively. The residual concentration of the sodium cholate was calculated to be
4.5pM. It was also estimated that 95% of the free DNA was removed during the dialysis
as determined by absorption spectroscopy.
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Figure 3.2: Removal of free DNA demonstrated via fluorescence. a) Emission of Fluorescein (donor)
labeled DNA (DNA-D) suspended SWNT compared to emission of initial DNA-D added to sample before
dialysis (374nM) and DNA-D after dialysis. The higher emission of the DNA-D-SWNT compared to
dialyzed free DNA-D indicates that there is minimal free DNA in solution with SWNT. The broadened
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shape of the emission peak and the additional peak at 530nm indicate reabsorption and emission of the
fluorophore due to the high level of initial emission. The greater emission of DNA-SWNT compared to
that of dialyzed free DNA shows that there is more than twice as much DNA in the nanotube solution, than
in the SWNT free solution. b) SWNT quenches donor fluorescence, as is indicated by a comparison of free
and SWNT bound DNA (same starting concentrations), both dialyzed 28hours in 12-14kDa membranes.
3.2 Demonstration ofDNA Detection
The actual detection of DNA hybridization did not involve the use of fluorophore
labeled or tagged oligonucleotides. The fluorescence signal used was from the nanotubes
alone. Probe DNA (5' - TAG CTA TGG AAT TCC TCG TAG GCA - 3') was first
assembled on the nanotube surface via the dialysis method, and complementary DNA
(cDNA 5'- GCC TAC GAG GAA TTC CAT AGC T - 3') was added to the solution.
The (6,5) nanotube fluorescence (Xmax= 9 94 nm) was monitored using a combined
HoloLab 5000/Raman Rxnl system from Kaiser Optical Systems, Inc. This setup
enabled the simultaneous measurement of Raman and fluorescence (using a CCD
camera) peaks. A laser excitation of 785nm3' 4 laser and 25um slit width were used.
Details of the spectral resolution for the optical equipment are found in Appendix A. The
DNA-SWNT was incubated for 48 hours with different concentrations of cDNA to
ensure that steady state was reached. Hybridization of the DNA strands with their
complements adsorbed on the SWNT surface was transduced by a hypsochromic shift
(increase in energy) in the near infrared fluorescence of the (6,5) SWNT 32. The energy
of the (6,5) nanotube peak increased up to 2.02+0.07 meV with the addition of the
complement. No observable shift in the fluorescence energy occurred for the other
nanotubes peaks. As a control, non-complementary DNA (nDNA 5'- TCG ATA CCT
TAA GGA GCA TCC G -3') was also added to probe DNA-SWNT in the same
concentrations as the cDNA that had been added. In contrast to the cDNA, the addition
of nDNA does not result in any significant shift. This selectivity of the energy shift
indicates that DNA hybridization is occurring on the nanotube surface. The steady state
energy shift resulting from the addition of complementary DNA is shown as a function of
the concentration of cDNA added to the probe DNA-SWNT in Figure 3.3b. The energy
increases with the concentration up to a cDNA concentration of - 400 nM, where the
energy shift appears to reach a saturation point. Given the dependence of the
fluorescence energy on the local environment of the SWNT, this saturation of energy
shift is consistent with a saturation of DNA on the nanotube surface. Sample spectra of
the (6,5) fluorescence peaks with and without cDNA are shown in Figure 3.3b. Further
discussion about this saturation is in section 3.3. The lack of (6,5) energy change
resulting from the addition of the nDNA is also shown on the same plot.
cDNA (complementary DNA)
5'- GCC TAC GAG GAA TTC CAT AGC T - 3'
nDNA (non-complementary DNA)
5'- TCG ATA CCT TAA GGA GCA TCC G -3'
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Figure 3.3: Demonstration of the SWNT Sensor for DNA Hybridization. a) Addition of complementary
DNA (cDNA) causes an increase in energy of the steady state (6,5) fluorescence peak while there is
negligible energy change with non-complementary DNA (nDNA). The solid line is a fit of the dielectric
model to the cDNA energy shifts. b) Sample spectra of the fluorescence peak blue shift with cDNA
addition.
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3.3 Discussion about the Fluorescence Energy Shift Detection
The observed energy shift, E, of the (6,5) nanotube fluorescence energy caused by the
addition and hybridization of complementary DNA can be explained as an increase in the
exciton binding energy of the SWNT electron-hole pairs. Since all of a carbon
nanotube's atoms are on the surface of the molecules, the local environment surrounding
the tube affects every atom in the molecule. A simplified variational model 22 is used to
correlate the exciton binding energy change to the fraction of unexposed SWNT surface
area. The exciton binding energy, E (eV), can be calculated as a function of the local
dielectric constant with the following relation:
=-- +4 y+ ln (3-1)
Where R=13.6eV is the Ryberg conversion factor, g=0.068 is the reduced
effective mass of the (6,5) nanotube5, r=0.4nm is the radius of the (6,5) nanotube, K=2.28
is a variational parameter specific to the (6,5) tube that is adjusted to minimize the
energy, y=0.577 is the Euler constant, and 3=0.0529 nm is the Bohr radius constant. The
most significant change in the DNA-SWNT system before and after hybridization is in
the local dielectric constant of the SWNT. Using an effective medium approximation,
the local dielectric constant, E, at the SWNT surface is:
c 
= aDN + (- )EH 0 (3-2)
Where a is the fraction of SWNT surface area covered by DNA, and eDNA= 2 .1, EH20= 8 8
represent the dielectric constants of DNA and water at 25C, respectively. Any residual
sodium cholate in the system is considered too small in amount to significantly affect the
dielectric constant. A denser DNA surface coverage after hybridization would cause a
decrease in the effective dielectric constant of the SWNT environment, and an increase in
the exciton binding energy.
Saturation of the SWNT surface caused a 2.02+0.07 meV change, as shown in
Figure 3.3 as the solid line. The saturation energy increase should correspond to an
approximate doubling of SWNT surface coverage from the DNA hybridization. By
fixing these two degrees of freedom, the model predicts that the initial coverage of DNA
is 25%, while the saturation coverage is 50%. In this range, the model is roughly linear,
as are the energy shifts we observe during hybridization. The fractional coverage was
converted to concentrations of cDNA and the model is shown in Figure 3.3. Beyond the
DNA saturation point, the energy is assumed to remain constant.
3.4 Conformation of DNA Adsorbed to SWNT
In order to experimentally verify that the hybridization of DNA on the surface
does cause an increase in the nanotube surface area coverage, Atomic Force Microscopy
(AFM) was used to look at density of the SWNT coating, as well as conformation of the
DNA. AFM images of DNA1-SWNT and hybridized Probe DNA-SWNT indicate that
Probe DNA is adsorbed and folded on the surface of the nanotube. The DNA adsorbs
non-uniformly, with varying heights on the surface of the SWNT, as shown in the thicker
sections of the nanotube (Figure 3.4a). A histogram detailing the frequency of
occurrence of a given height (local maxima points) for single-stranded and hybridized
DNA-SWNT shows a slightly broad distribution for both samples. The single-stranded
probe DNA-SWNT height measurements have the highest frequency of counts at 2.2 nm,
while the hybridized DNA-SWNT + cDNA height counts are concentrated at around 2.8
nm (Figure 3.4c). The fractional surface coverage of DNA on the nanotube was
determined using all points of the measured heights. The HiPCO SWNT have a diameter
range of 0.6-1.2 nm, so all height measurements greater than 1.2 nm were considered to
be DNA on the SWNT and all height measurements less than 1.2 nm were considered to
be bare SWNT. Using these criteria, the fractional coverage of SWNT by probe DNA is
0.79, since that fraction of measurements had heights > 1.2 nm; however the
corresponding coverage for hybridized DNA is 0.83. These measurements suggest that
our proposed mechanism, stating that hybridization causes increased DNA coverage on
SWNT, is reasonable, although the numerical difference is not large.32
Samples were prepared by functionalizing clean, bare silicon with 3-
aminopropyltriethoxysilane. A 40 iL droplet of DNA-SWNT was incubated on the
surface for 15 minutes, then rinsed with water and blown dry with nitrogen. Tapping
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Figure 3.4: AFM images and line scans of DNA-SWNT. DNA is non-uniformly adsorbed to the SWNT
surface using the dialysis suspension technique. a) AFM image of hybridized DNA1-SWNT shows DNA
unevenly adsorbed to SWNT, as denoted by the thicker sections of the nanotubes. The single-stranded
DNA1-SWNT also has uneven sections of DNA. The size of the DNA on the two samples cannot be
differentiated by visual inspection of the image. b) An illustration of the DNA adsorbed to the SWNT in
folded sections rather than wrapping with stretched out strands. c) A histogram of the DNA-SWNT heights
shows the frequency of occurrence for a given height measurement, x. The highest frequency occurs for
single-stranded DNA-SWNT at 2.2 nm and for double-stranded DNA-SWNT at 2.8 nm. d) A scan along
the nanotube shows the heights of DNA and SWNT, and the length of the SWNT that is occupied by DNA.
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mode AFM was used to measure heights on the sample. DNA-SWNT height was
measured along the length of the nanotube, and the background height (measured
adjacent to the nantoube) was subtracted. In order to compare the heights of single and
double stranded DNA on SWNT, the local maxima of the adjusted DNA-SWNT heights
were recorded and binned in increments of 0.2nm. The total number of maxima points
collected was 177 for DNA1-SWNT and 87 for hybridized DNA-SWNT. A histogram of
the frequency of occurrence of DNA-SWNT heights incorporated these binned maxima
points (Figure 3.4). The surface coverage of DNA on SWNT was approximated using all
(not just the maxima) of the adjusted DNA-SWNT heights. The number of points greater
than 1.2 nm (the diameter of the largest nanotube used) was divided by the total number
of points measured, to yield the fractional surface coverage.
3.5 Verification of DNA Detection
In order to independently confirm the hybridization of DNA on SWNT, a separate
study was conducted using Firster Resonance Energy Transfer (FRET) between
fluorescently labeled DNA strands. FRET is a nonradiative transfer of energy from one
molecule to another molecule that is in close proximity. The probe DNA strand was
labeled with a "donor" fluorophore which fluoresces with a peak maximum at 520 nm.
The complement was labeled with an "acceptor" fluorophore which absorbs energy at the
same wavelengths where the "donor" fluoresces. If the "donor" and "acceptor" come
within a few nanometers of each other, the "donor" is expected to transfer the energy,
which would be emitted as fluorescence, nonradiatively to the acceptor. Therefore a
quenching in the donor fluorescence upon addition of the acceptor would indicate that the
two DNA strands have hybridized, forcing the two fluorophores together. A scheme of
the FRET between fluorophore labeled DNA is shown in Figure 3.5.
donor
5'-TAG CTA TGG AAT TCC TCG TAG GCA-3
accepto
3'-TC GAT ACC TTA AGG AGC ATC CG-5'
3'-TC GAT ACC TTA AGG AGC ATC CG-5'
5'-TAG CTA TGG AAT TCC TCG TAG GCA-
Quenched donor
Figure 3.5: Scheme showing how FRET reports DNA hybridization. Probe DNA is tagged with donor
fluorophore and used to suspend SWNT. Addition of the complement tagged with acceptor results in
hybridization of DNA and quenching of the donor.
The probe DNA sequence was tagged with fluorescein (FAM) and used to
suspend SWNT (probe DNA-FAM 5' - TAG CTA TGG AAT TCC TCG TAG GCA -
3' - FAMTM). The other DNA used in this study were the cDNA sequence with the
fluorophore (TAMRA TM NHS Ester -- 5'- GCC TAC GAG GAA TTC CAT AGC T - 3'),
and the nDNA sequence with fluorophore (TAMRATM NHS Ester -- 5'- TCG ATA CCT
TAA GGA GCA TCC G -3'). All of the sequences were purchased from Integrated
DNA Technologies, Inc.
The 3' end of the DNA was tagged with a fluorescein derivative, FAMTM, which
serves as the donor (D). This tagged DNA was assembled on the SWNT surface using
the dialysis method, to synthesize DNA-D-SWNT. Complementary DNA strands
(cDNA-A) with 5' attached acceptor (A) fluorophores, TAMRATM NHS Ester, were
added to the DNA suspended SWNT over a concentration range of 33-350 nM. The
significant decrease in the donor emission within 2 minutes of the first addition (33nM)
of cDNA-A to the DNA-D-SWNT solution indicates FRET and therefore hybridization.
Subsequent additions of cDNA-A resulted in a further decrease in donor emission until
the cDNA-A concentration reached 127 nM, where the donor fluorescence began to
increase slightly. However, the donor fluorescence remained significantly lower in the
presence of cDNA-A than without it (Figure 3.6a and c). The experiment was repeated
using non-complementary strands of DNA conjugated to the same acceptor fluorophore
(nDNA-A) as a control. In contrast to the DNA-SWNT + cDNA system, the addition of
nDNA actually increases the donor emission at higher concentration (Figure 3.6b and d).
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Figure 3.6: FRET between fluorophore labeled DNA verifies hybridization. Intensity at donor
emission (max 520nm) of DNA-D SWNT a) Additions of complement conjugated with acceptor (cDNA-
A) result in decrease of donor emission at concentrations <127nM, then partial recovery of donor emission
at concentrations >127nM. b) Additions of non-complement conjugated with acceptor (nDNA-A) result in
constant increase of donor emission. c) Forster resonance energy transfer (FRET) indicates DNA
hybridization on nanotube surface. Emission of donor on DNA-D-SWNT decreases with additions of
cDNA-A (attached to acceptor). d) No FRET between donor (DNA SWNT) and acceptor (nDNA) indicate
that there is no hybridization occurring.
Although not central to this study, we note that the increase in donor emission
(Figure 3.6 b and d) indicates that some of the donor fluorophores are no longer within
0.5-5nm of the nanotube and are unquenched. Additions of nDNA-A to the DNA-D-
SWNT solution also result in an increase in donor emission. The origin of this increase
in both cases is currently unknown. One possible mechanism is that DNA-D undergoes a
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change in conformation in response to hybridization with cDNA-A or repulsion from
nDNA-A. In this case, the fluorophore end extends from the nanotube and is then
unquenched, while the remaining DNA is still adsorbed to the SWNT. Another
possibility is that the nDNA-A is replacing the DNA-D on the SWNT surface.
The total number of binding sites for DNA on SWNT was estimated to be of
order 50/SWNT based on the dimensions of the two molecules. The SWNT are
approximately 1 m long with diameters between 0.6 and 1.3 nm, and the
oligonucleotides used in this work are approximately 10 nm long with an estimated
repulsion distance of 5 nm 123.
3.6 Kinetic Description of the Hybridization Process
The kinetics of these hybridization events is exceedingly slow at 250 C on the
nanotube surface compared to the rate for free DNA in solution. The transient response
of the SWNT fluorescence with cDNA and nDNA additions was monitored at room
temperature to measure the amount of time necessary for the hybridization peak shift to
reach steady state (Figure 3.7). For a concentration of 625nM cDNA, approximately 13
hours are required for the hybridization reaction to reach steady state, although our FRET
study indicates that hybridization occurs within minutes. The addition of nDNA does not
result in a significant response. The standard deviation of 0.03 meV of the steady state
peak energy over 9 hours was also used to determine the mean noise level and yields an
approximate hybridization detection limit for cDNA concentrations as low as 6nM. The
rate of the SWNT fluorescence energy change was modeled using the following
mechanism:
A + B k H (3-3)
Pr obe _ DNA cDNA Hybridized _ Complex
The rate of formation of the hybridized complex was modeled using this second order
reaction, in accordance with the known kinetic behavior of unbound DNA
hybridization 24
dCH kCAC
B  (3-4)
dt
The time is t (hr), k is the kinetic constant (M-hr)-1, and CA, CB, and CH are the
concentrations (M) of DNA adsorbed to SWNT, complementary DNA, and hybridized
DNA on SWNT, respectively. After solving the differential equation, the concentration
of the hybridized complex at any given time can be calculated using the equation:
CH(t) AO(CAO C(3-5)
- CAo + CBO exp[(CO - CAO)kt]
where CAO is the initial concentration of DNA (18nM) that is adsorbed to the SWNT and
CBo is the initial concentration of complement added to the system. This equation was
used to fit the fluorescence energy shift by correlating the normalized concentration of
hybridized complex to the normalized energy change:
cHC
H,max
AE
AEmax
(3-6)
where CH,max= CAO represents hybridization of every adsorbed DNA strand, and AEm,,
(2meV) is the maximum energy shift observed at saturation conditions. The model is
shown in Figure 3.7 as a solid line, with k=-4.33x105 (M-hr)'. DNA is known to
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Figure 3.7: Investigation of (6,5) fluorescence peak shift kinetics. At 250 C the hybridization
configuration of DNA-SWNT with cDNA requires approximately 13 hours to reach steady state while the
addition of nDNA does not result in any significant peak shifting. The kinetics model is denoted by the
solid line and has k-4.33x105 (M-hr)'.
hybridize in fewer than 10 min 25, and the addition of salts such as MgCl2 stabilize" 8 and
speed up hybridization 26, due to the ionic shielding of the ions. The use of different
sequences of oligonucleotides could also result in faster hybridization, as each of the
three strands used is able to partially self hybridize.
3.7 Conclusions
This work introduces the first photobleaching resistant, nanoparticle system that
allows for the detection of DNA hybridization through the modulation of a near-infrared
fluorescence signal from a DNA-SWNT complex. In separate experiments, the
hybridization events are confirmed through Firster Resonance Energy Transfer (FRET)
by studying the visible fluorescence signal of fluorophore labeled DNA-SWNT with the
addition of the fluorescently tagged complement. This is the first work to optically detect
selective hybridization of DNA with its complementary strand directly on the surface of
SWNT, and therefore opens possibilities for new types of nanotube-based molecular
beacons, sensors, probes and sequencing technologies.
This system has the potential to be used in studying low copy DNA hybridization,
and in similar biological assays. Efforts to use DNA for directed assembly of SWNT will
also benefit from this optical detection. In further work (see chapter 5), complementary
strands with single nucleotide polymorphisms (SNPs) will be probed to determine
whether single point mutations can be detected. More importantly, there may be
applications of these new types of sensors to the life sciences and medicine since SWNT
near infrared fluorescence is optimized for tissue penetration, photostability and the
avoidance of biological auto-fluorescence.
4 Kinetics and Thermodynamics Studies of DNA Hybridization
Detection Mechanism
In chapter 3 a fluorescent single walled carbon nanotube sensor was designed to
detect the hybridization of DNA, and the detection was verified through multiple control
experiments. While the studies in chapter 3 focused on steady state measurements, the
kinetics of transient detection is examined in chapter 4. Chapter 3 revealed that the
detection was very slow, that is, on the order of hours. In order to understand the reasons
behind this slow mechanism, and to investigate the intermolecular interaction in more
detail, the kinetics and the thermodynamics were studied.
This work was not only relevant to studies in chapter 3, but also provided an
answer for a lingering question in the literature: whether or not SWNT could
actually detect DNA hybridization. While the work discussed in this dissertation
addresses the optical properties of SWNT, much attention has been devoted to the
use of nanotubes in electronic applications. The controversy in question is in regard
to an electronic SWNT sensor for DNA hybridization. Stable field effect transistors
(FET) have been fabricated using semi-conducting nanotubes connected between
appropriate source and drain electrodes and subjected to an electric field. 44,'127-130
Similar SWNT devices demonstrate an environmental sensitivity that has been
utilized in the literature for various sensor applications. 76 '127,128,131-137
Networked SWNT-FETs were used by Star and co-workers44 to sense DNA
hybridization, including the detection of single nucleotide polymorphism (SNP) for
10 base sequences. Fluorescent labeling of the DNA and its absence from the metal
contacts was used to justify a transduction mechanism, where DNA directly
modulates the conductance of the SWNT. However, similar measurements later
reported by Tang et al.129 using a quartz crystal micro-balance in conjunction with
conductometric responses, left some ambiguity with respect to the role of SWNT,
suggesting that the strong signal in the case of DNA hybridization on a SWNT-FET
arises from the SWNT-metal contact interface. Tang et al. argued that the initial
adsorption strength of the receptor DNA strand to the SWNT surface prevents the
necessary conformational changes for hybridization to occur at the SWNT surface.
This view appears to be supported by molecular modeling results that point to
strong DNA-SWNT interactions. 138 The temperature independence of ds(GT)n-
SWNT circular dichroism (CD) measurements 139 were also interpreted to arise from
strongly bound, conformationally static DNA on the sidewall, although the nature of
such CD spectra is not fully understood at this time.
This work detailed in chapter 4 shows that DNA hybridization kinetics can
indeed be monitored directly through the transient energy shift of the nanotube
fluorescence, even though the process is slow. Thermodynamic measurements are
used to quantify the barriers that considerably slow hybridization kinetics on SWNT.
A mechanistic model is developed for adsorption and hybridization on the nanotube
surface. The results have significant implications for the use of nanotubes and
nanowires as sensor elements.
4.1 Transient Studies of the DNA Hybridization Detection Mechanism
Addition and hybridization of various concentrations of complementary
DNA (cDNA) to a suspension of single stranded oligonucleotides (Probe DNA 5' -
TAG CTA TGG AAT TCC TCG TAG GCA - 3') adsorbed to SWNT cause an
energy increase in the near-infrared fluorescence of the (6,5) nanotube 32. This shift
was monitored in time using a HoloLab 5000/Raman Rxnl system from Kaiser
Optical Systems, Inc. with a 785 nm laser and 25um slit width. The detection limit
of the spectrometer is 4 wave numbers (0.492 meV at 785 nm excitation), but the
fluorescence peaks can be fitted with Gaussians allowing for an average 95%
confidence interval off 0.19 wave numbers (0.02 meV at 785 nm) with a maximum
interval of ± 1 wave number, or 0.123 meV (see Appendix A). The transient
energy shifts for each of the cDNA concentrations from 100 to 1400 nM are shown
in Figure 4.1. The SWNT concentration was calculated assuming that there are
40,000 carbon atoms in the average nanotube, corresponding to a diameter of Inm, a
length of 1 m, and 5 oligos/SWNT. Using excitations of 785nm and 633 nm, only
one nanotube had a distinguishable fluorescence energy change, namely the small
diameter (6,5) nanotube. The spectra taken at 785nm excitation were deconvoluted,
accounting for the Raman modes, and the (8,3), (6,5), (7,5), (10,2), and (9,4)
fluorescence peaks. Hybridization detection of a single chirality of nanotube is
difficult using arrays of SWNT in the SWNT-FET devices 44' 129 and the Quartz
Crystal Microbalance (QCM) measurements 129 which were discussed in the
introduction section. The SWNT-FET also used CVD-grown SWNT, generally
containing larger diameter SWNT than the HiPCO type5,' 40,14 1 used in this work.
Therefore it is feasible that the larger diameter tubes may not have given a response.
As mentioned in this chapter and the previous one, hybridization kinetics on SWNT
are unusually slow, which may be another reason why detection in short
experiments is difficult.
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Figure 4.2: Transient fluorescence energy shifts caused by addition and hybridization of various
concentrations of cDNA on SWNT. A two-step model involving adsorption followed by reaction is used
to fit the measured energy shifts caused by addition and hybridization of complementary DNA (22 bases)
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DNA are fitted using the kinetic constant k, = 5.57x10-5 sec-', total binding sites on SWNT 0 T = 120 nM,
and equilibrium constant K = 5x107 M'. h) A schematic of the two step model.
4.2 A Simple Model to Fit Kinetics of DNA Hybridization on SWNT
The hybridization kinetics were measured and mathematically modeled to explore
the causes of the slow detection. Complementary oligonucleotide (cDNA 5'- GCC TAC
GAG GAA TTC CAT AGC T - 3'), in the range of 100 to 1400 nM, was added to Probe
DNA-SWNT, and the resulting fluorescence energy increase is shown in Figure 4.2 as
data points. A modified integral method 42 combining a second order rate law and a mass
balance was applied to the data in Figure 4.2, using the free DNA hybridization model
where the cDNA (A) and free Probe DNA (B) hybridization speed is dependent on the
kinetic constant, k. This method was used in chapter 3 to fit the transient data for one
concentration of cDNA, and here it is applied again, but to various concentrations of
cDNA (100-1400nM), to check if the hybridization on SWNT could truly be described as
a simple second order reaction. The energy shifts are in the range of 1.65±0.22 to
2.2±0.15 meV, the resolution of the spectrometer is 0.492 meV at 785 nm. However, the
spectral fitting allows for a resolution of less than 0.123 meV. Hybridization of free
DNA is described as a single step reaction using a second order rate expression. 124,143, as
mentioned also in chapter 3. The differential equation describing the rate of Probe DNA
disappearance using a second order rate law was solved and rearranged such that the
integral method could be applied, yielding linear trends with different slopes for different
concentrations of cDNA. For the reaction
A +B- - H
Pr obe _ DNA cDNA Hybridized _ Complex
the rate of disappearance of DNA1, CA, is
dCA 
= 
-kCACB
dt
(4-2)
Substituting in C, = CBo - (CAO - CA)
the rate becomes
dC
A = -kCA(CBO 
- CA +AA)dt
Integration of the equation and rearrangement of the terms produces
1 In CA = kt
(CBO -CAO) (CBO -CAO)+CA
A plot of
- in C A
(CBO -CAO) C BO -CAO) CA
vs t (4-6)
should result in linear plots with the same slope, independent of the concentration of
complement, CB, added. The resulting graph of the hybridization measurements
(4-1)
(4-3)
(4-4)
(4-5)
produced roughly linear trends for each concentration of cDNA, but there was a
significant range of slopes, indicating that the measured energy shifts for hybridization on
SWNT could not be modeled using a simple second order reaction (Figure 4.3).
Therefore, a two-step model was developed that accounted for both adsorption of DNA to
the surface of the SWNT, and slower hybridization reaction of DNA. The adsorption
step included before the hybridization reaction was motivated by hybridization models on
flat surfaces, 14 4 and on specific segments of long DNA or RNA strands in solution. 145
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Figure 4.3: Use of integral method to determine if hybridization on SWNT is second order.
Significantly different slopes result from variation of starting concentration of complementary DNA,
indicating that the measured hybridization cannot be modeled using a simple 2nd order rate expression.
The adsorption of single stranded probe DNA on the nanotube is observed on a
smaller timescale than the hybridization reaction as discussed in section 2.3. Briefly, the
adsorption takes place in less than ten minutes while the fully hybridization transduction
takes more than ten hours. Given the relative speeds of the adsorption and hybridization
steps, the model was developed with a fast adsorption step, followed by slower
hybridization. A schematic of the two-step model is shown in Figure 4.1h. The cDNA
(A) adsorbs to the SWNT where DNA1 is immobilized (0), to form an occupied site (AO)
as shown below:
A +  0 = A (4-7)
cDNA free _ sites occupied _ sites
The number of occupied sites was described by coupling a total site (OT) balance and the
equilibrium constant, K.
0v = AO + 0 (4-8)
K = (4-9)
[A][] (4
The total concentration of hybridization sites (OT) in solution has units of M, A0. is the
concentration of occupied sites (units of M), A is the concentration of complementary
(cDNA) strands (units of M), and K is the equilibrium constant (M-1). The combination
of (4-8) and (4-9) yields an initial, equilibrium occupied site concentration of
[A0] = K[AO T (4-10)1+K[Ao]
Here, a steady state approximation is used for the adsorption step, which is followed by a
slower and irreversible hybridization reaction of two complementary strands.
A 0 - H (4-11)
occupied _ sites hybridized _ complex
The concentration of the hybridized complex is H with units of M and kl is the kinetic
constant in sec1'. The reaction is modeled as a simple first order reaction
d[A] =_k[AO]= d[H] (4-12)
dt dt
with hybridized complex formation of
H = 1- e-k't ) K[A, Gr (4-13)
1 + K[A0]
The model is shown as solid lines for various concentrations of cDNA in Figure
4.1, and the kinetic and equilibrium constants are shown in Table 1. The measured energy
shifts of the (6,5) SWNT, indicating hybridization, were fitted using the least squares
method, with the rate constant kl and equilibrium constant K as fitting parameters (Figure
4.1). The ki values varied with temperature while K did not vary significantly with
respect to temperature. The total number of binding sites146 (Probe DNA on SWNT) is
120 nM. The two-step model fits the measured energy change over a wide range of
concentrations, indicating that the adsorption step is critical to describing the kinetics of
the detection mechanism.
4.3Comparison of Kinetics on SWNT and Free in Solution
The pre-adsorption of Probe DNA on the SWNT surface appears to slow the
hybridization reaction in comparison to free DNA hybridization. The kinetics of the free
DNA hybridization were monitored using Forster Resonance Energy Transfer (FRET) of
fluorophore-labeled oligonucleotides (DNA1-F, 5' - TAG CTA TGG AAT TCC TCG
TAG GCA - 3' - 6-FAMTM and cDNA-F, TAMRATM NHS Ester -- 5'- GCC TAC GAG
GAA TTC CAT AGC T - 3') at 76 nM and 74 nM, respectively. Hybridization at 15, 25
and 37°C is shown as data points in Figure 4.3, while the fitted data (using the second
order model) are solid lines. The kinetic constants are listed in Table 1. SWNT-bound
and free DNA hybridization at 15, 25 and 370 C shown as data points in Figure 4.3a and
b. Due to the difference in reaction order of the SWNT-bound and free DNA, an
effective kinetic constant, keff (M-' sec-1), was calculated for the initial rate of
hybridization for SWNT-bound DNA for direct comparison with free DNA rates (Table
1). The kff was calculated for the initial rate of hybridization. At time = 0, the formation
of hybridized complex becomes
dH K[Ao ][Or ] = k [ (4-14)
dt I + K[A0]
Multiplying both sides by the inverse of the initial concentration of complementary DNA
yields
1 dH [o,
= kK (4-15)
[A ] dt 1+ KK[Ao]
Where kif = kK and has units of M' sec' and values are shown in table 1. The kinetic
Table 1: Kinetic and thermodynamic constants of DNA hybridization on SWNT. The kinetic (kl) and
effective kinetic constants (keff) for hybridization on SWNT are shown as a function of temperature and
compared to the kinetic constants of free DNA hybridization (k). The equilibrium constant for DNA
adsorption on SWNT does not have significant dependence on temperature. The activation energy for
hybridization on SWNT (EA, DNA-SWNT) is higher than the energy required for free DNA (EA, Free DNA). The
number of binding sites (OT) is the concentration of probe DNA that is adsorbed on the surface of SWNT.
The changes in entropy (AS) are also shown for DNA-SWNT and free DNA.
DNA SWNT Free DNA
T (*C) Kequi (M- 1) k, (s- 1) keff (M-'s "1) k (M'ls "1 )
15 5x10 7  1.15x10 -5  575 1.50x105
25 5x10 7  5.57x1 0-5  3050 4.00x10 5
37 5x10 7  1.47x10 -4  7350 7.53x10 5
EA, free DNA (kcal mol-1) 12.9
EA, DNA SWNT (kcal mol-1) 20.4
OT, number of binding sites (M) 1.20x1 0 -7
Sfree DNA (cal mol-1 K-1) 31.9
SDNA SWNT (cal mol-1 K-1) 46.8
constants of the free DNA are two orders of magnitude higher than those of the SWNT-
bound DNA. At the concentrations studied, the hybridization and optical modulation on
the SWNT surface take approximately 3.4 hours to reach half of the steady state energy
shift observed at 250C, while free DNA hybridization takes less than 4 minutes. The
steady state SWNT fluorescence energy shift is 2+0.15 meV at 250 C and 1.2+0.12 meV
at 37oC.
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Figure 4.3: Transient detection of DNA hybridization on and off SWNT at 15, 25, and 37°C. a)
Hybridization on SWNT is detected using the energy increase of the SWNT fluorescence and fitted at 15,
25, and 370C. b) Kinetics of free DNA hybridization is measured using FRET of fluorophore labeled DNA
at the same temperatures, and subsequently modeled. c) An Arrhenius plot allows for calculation of the
activation energies of the free DNA, 12.9 kcal mol-l, and DNA-SWNT, 20.4 kcal mo'-1, and are consistent
with slower hybridization on SWNT.
4.4 Energetic Barriers to DNA Hybridization on SWNT
The activation energy of SWNT-bound DNA hybridization is higher than that of
free DNA, providing further evidence that SWNT impedes the hybridization reaction.
The required activation energies for the free and bound DNA hybridization were
determined using the Arrhenius equation (Figure 4.3c) with the kinetic constant values at
15, 25, and 37'C listed in Table 1.
In(k)= -EA 1 Iln(A) (4-16)
RT
A plot of In(k) vs. 1/T is used to determine the hybridization activation energies of
SWNT-bound and free DNA, which are 20.4 and 12.9 kcal mol1 , respectively.
Using the Eyring-Polanyi equation, the corresponding entropic barriers are 46.8
and 31.9 cal-mol-l-K 1 . For free and SWNT-bound hybridization, the difference in
activation energies is likely related to a decrease in the free energy (G) of the single
stranded DNA when it is adsorbed to the SWNT surface. The relatively high equilibrium
constant, K, indicates that the free energy of adsorbed DNA is lower than that of free
DNA. DNA adsorbs strongly to the nanotubes,28,29 which remain colloidally stable
throughout the hybridization process, indicating that the DNA molecules never leave the
surface completely. Since the DNA must remain adsorbed to the nanotube, the picture is
that of one base at a time lifting away from the SWNT surface to allow for hybridization,
followed by re-adsorption afterwards. Before hybridizing, both the probe DNA and
cDNA strands are adsorbed to the SWNT, resulting in a reduced initial free energy. The
transition state of the DNA hybridization is not expected to change significantly in the
presence of SWNT since the actual hybridization is not occurring on the surface. In this
view, the effective activation energy increases between the unhybridized and transition
states for DNA-SWNT that leads to the formation of the hybridized product (Figure 4.4).
The increased barrier to hybridization on SWNT is also supported by the folded
conformation on DNA on the SWNT surface, as indicated by the AFM studies in section
3.4. Analysis of the AFM measurements supports this picture that hybridization could
not take place directly due to steric hindrance by the nanotube. Furthermore, unfolding
and refolding of DNA on the SWNT surface are likely to slow the hybridization process
considerably, as was observed in this study.
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Figure 4.4: A schematic of increased energy barrier caused by DNA adsorption to SWNT. The
activation energy for DNA hybridization on SWNT (EA probe DNA-SWNT) is greater than that of free
DNA (EA Free DNA) due to an initial decrease in free energy from adsorption on SWNT (AGads).
The activation energy difference between the free and SWNT bound DNA is
modeled using a combination of first principles and independent experiments for strongly
adsorbed charged polymers. 147 Friedsam et al. notes that adsorption of polyelectrolytes
(PE) is difficult to describe, but they derived a method of estimating the energy required
to remove an adsorbed PE polymer (Edes) as a combination of non-electrostatic (Eo),
electrostatic (Eel), and entropic (Een) energies. Here Edes=Eo+Een+Eel and Edes
Eads AHdes, Een=TASdes, and EO+Eel=AGdes where the subscript ads refers to adsorption.
The AGads was calculated by adding the non-electrostatic energy to the electrostatic
energy. The latter was calculated by integrating the force over the distance from infinity
to the surface distance of bound DNA base monomers (van der Waals radii length), 148 d =
3.25x1010 m.
AGa = E o + F,dx (4-17)
The non-electrostatic force for strongly adsorbing polymers was experimentally
determined to be of order 47 3kBT to 6kBT, where kB is the Boltzmann constant, and T is
the temperature (298K). The critical distance for this force is the distance between
monomers, a = 3x10 -10 m, which is the approximate distance between bases in the
oligonucleotide.149  Therefore Eo has values between -3.56 and -7.1 kcal mol-',
accounting for both of the strands that are participating in the hybridization. The
electrostatic force is given by
Fe> = 4rlB kToac-e- a (4-18)
a
where kB, T, and a are as specified above, cr is the surface number charge density of
SWNT, ac = 1 is the fraction of charged monomers, IB is the Bjerrum length over which
two unit charges interact with thermal energy kBT such that
2
1B = (4-19)
4rerEokT
where e2 is the square of one electron charge, Er = 88 is the dielectric constant of water,
and Eo is the permittivity of free space, yielding lB = 7.01x10l' 0 m. The Debye length (K-
1) in meters is given by
K= r- E k -T (4-20)
2NAe2 I
where NA is Avogadro's number, and I is the ionic strength given by
I= ' czi2 (4-21)2
where ci is the concentration of ions in the Tris buffer, 8.71x1025 ions m"3, and zi is the
charge of the ions, which in this case all have a charge of +1. The Debye length is
therefore 1.14x1 0 9 m. The electrostatic energy is then
Ee = 47dskT c 1 a f eldx (4-22)
a
Theoretically the surface of SWNT has zero charge because of the sp2 bonding of
the carbons 2, so in this case Ee,1=0. In reality, a charged molecule (such as DNA) on the
SWNT surface can induce a dipole moment, 28' 150,15 1 giving the nanotube an effective
surface charge. However, we note that even a number charge density of 1012/tm2 would
not cause any significant change in the overall calculated AGads. The resulting free
energy decrease from adsorption of two DNA strands (probe and complement) to a
nanotube, AGads, is between 3.6 and 7.1 kcal mol', which is comparable with the 7.5 kcal
mol' difference in the activation energies of hybridization for free and SWNT-adsorbed
DNA. Hence, the pre-adsorption of the receptor DNA is the source of the free energy
contribution of this energy barrier, and this is a fundamental property of the nanoscale
substrate that dramatically slows the rate of hybridization.
4.5 Verification that DNA-SWNT do not Aggregate during Hybridization
Dynamic light scattering (DLS) was used to confirm that the slower hybridization
of probe DNA-SWNT is not merely a result of SWNT aggregation effects during
hybridization. The average effective diffusion coefficients of Probe DNA-SWNT and
hybridized DNA-SWNT are 1.73±0.14 pm 2 sec-1 and 1.67A0.24 pm2 sec -1. The
difference in effective diffusion coefficients of single-stranded and double-stranded
DNA-SWNT is not statistically significant, indicating that the slow kinetics are not due to
aggregation during hybridization on SWNT. The average effective diffusion coefficient
of the starting precursor cholate-SWNT is 4.18+0.42 tpm2 sec -1. These diffusion
coefficients were calculated by fitting the linear region of the correlation function vs.
time.
The ratio of 2.4 for diffusion coefficients of cholate-SWNT and single stranded
DNA-SWNT can be modeled using diffusion of rigid rodlike particles given by Sinn 52
The persistence length of a (6,5) SWNT is significantly greater than 1ltm 153, allowing the
SWNT to be modeled as a rigid rod. According to Sinn's model the overall diffusion
coefficient, D, can be described as a function of the translational diffusion coefficient D,
the rotational diffusion coefficient Dr, and the difference (AD) between the diffusion
coefficient parallel to the long axis D,1 and the diffusion coefficient perpendicular to the
long axis DL
= D AD - f2 +- (4-23)
where fi and f2 are numerical functions given by Maeda et al.154, L is the length of
nanotube 1000 nm, and q is
q = sin( (4-24)
where n is the index of refraction for water 1.33, 2 is the wavelength of the laser 514 nm,
and 0 is the angle (900) between the laser path and the detector, yielding q=0.023 nm .
Approximating that for SWNT qLxl, the numerical functions can be estimated 54 asfi=l 1
and f2=0. For rod length to diameter ratios of greater than 10 the following
approximations can be made 152
L2
D = -Do, (4-25)
9
AD = D11 - D1
L2D
= - (4-26)
12
Tirado et al. describes Dr for a cylinder using
7o0 L3 D L
'roD = In - + ,3kT d
(4-27)
Where qo is the viscosity of water, k is the Boltzmann constant, T is the temperature
(298K), d is the diameter of the DNA-SWNT, and 81 is the end effect that is neglected in
this case because L>>d. This approximation yields
D 2 InL (4-28)
The ratio of cholate-SWNT and DNA1-SWNT diffusion coefficients is therefore
DD = L = 2.4 (4-29)
DD Lc L(Do-D ]
where the subscripts C and D denote cholate-SWNT and Probe DNA-SWNT and 2.4 is
the ratio of measured diffusion coefficients of cholate-SWNT and Probe DNA-SWNT.
The length of individual SWNT is expected to remain the same after dialysis assembly of
Probe DNA on the surface, but the diameter of the particles is expected to change as the
cholate molecules are approximately Inm in diameter, while the unfolded Probe DNA
strands have an approximate length of 7.2 nm. The diameter alone cannot account for the
discrepancy in diffusion coefficients, as a 3 nm diameter cholate SWNT (1 cholate
molecule on either side of a 1 nm diameter nanotube) would require an 89 nm diameter
probe DNA-SWNT to account for the 2.4 ratio. Therefore, the different diffusion
coefficients can be attributed to the formation of doublet or triplet probe DNA-SWNT
particles that are aligned but offset, forming longer and wider particles.
A goniometer (Brookhaven Instruments BI-200 SM) with a 514 nm laser (Lexel
Argon-Ion Model 95) was used with the detector at a 900 angle from the light source to
the sample. Suspensions of probe DNA-SWNT with and without cDNA were
characterized using delay times of 1 ps and 1 s. In comparison, cholate-SWNT were also
studied using delay times of 1 ps and 10 ms. The linear region of the correlation function
was examined and the diffusion coefficients were calculated using the equation
ln(f(r)- A)= In(B)- 2Ft (4-30)
where f(r) is the correlation function, T is the time constant, A is the baseline intensity, B
is an instrument parameter, and t is the time. The term F is defined as152
F=q2 D (4-31)
with D as the effective diffusion coefficient and q is given in equation 4-24.
A detector angle of 900 was chosen to minimize noise from the laser beam while
maintaining a sufficient scattering signal. These equations assume that the particles are
spherical, and therefore give rough approximations for the actual diffusion coefficients of
SWNT. However, these equations are sufficient to compare effective diffusion of SWNT
samples that vary only in their coatings (cholate, single stranded DNA, and double
stranded DNA).
4.6 DNA does not Desorb from the SWNT Surface during Hybridization
Another possible cause for the slow hybridization kinetics of DNA on SWNT was
a scenario of hybridization occurring away from the nanotube surface. In other words the
probe DNA would completely desorb from the SWNT surface, hybridize with
complementary DNA away from the SWNT, followed by a readsorption of the
hybridized DNA. In this instance the slow fluorescence shift of the (6,5) nanotube would
not reflect the real time hybridization process. However, a side study found that the slow
kinetics are not caused by desorption of the probe DNA from the SWNT surface during
hybridization. Samples of Probe DNA-SWNT, Probe DNA-SWNT + cDNA, and Probe
DNA-SWNT + nDNA were incubated to allow for complete hybridization. The free
oligonucleotide strands were subsequently dialyzed out into standard Tris buffer. The
Probe DNA initially adsorbed to the SWNT surface was labeled with a fluorescein
derivative, FAMTM, with fluorescence maximum at 520nm. The visible fluorescence of
the labeled probe DNA strands in buffer was measured to determine whether desorption
occurs (Figure 4.5). The buffer from the probe DNA-SWNT, probe DNA-SWNT +
cDNA, and probe DNA-SWNT + nDNA contain 30, 80, and 156 fmoles of probe DNA,
indicating that there is a small amount of desorption occurring. However, in comparison
to the 175 nmoles of probe DNA initially adsorbed to the SWNT, the level of desorption
is considered insignificant.
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Figure 4.5: Demonstration that DNA does not desorb significantly from SWNT during hybridization.
The inset shows probe DNA-F (desorbed from the SWNT) separated using dialysis. The resulting amounts
of free DNA (nmoles) are shown in the chart.
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4.7 Conclusions
In this work, we show that DNA hybridization kinetics can be monitored directly
through the transient energy shift of the nanotube fluorescence, but the process is
slow. Individually dispersed, semi-conducting SWNT exhibit band-gap
fluorescence in the near-infrared region.5, 23,28,49,'155 In previous work the strong,
non-covalent adsorption of ds(GT)n-SWNT has also been utilized to suspend SWNT
in solution2 8-32 for an optical hybridization sensor.32  Here, thermodynamic
measurements are used to quantify the barriers that considerably slow hybridization
kinetics on SWNT. A mechanistic model is developed for adsorption and
hybridization on the nanotube surface. The results have significant implications for
the use of nanotubes and nanowires as sensor elements.
The use of SWNT for detection of DNA hybridization is possible, but the
transduction speed is unusually slow. The hybridization kinetics were studied using
SWNT near-infrared fluorescence to determine the reason for this prohibitively slow
process. The cause is the energetically unfavorable pre-adsorption of DNA on the
SWNT surface throughout the steps of the entire mechanism. A two-step adsorption
and reaction model describes the slow hybridization kinetics at 25C using analyte
concentrations 100-1400 nM, rather than the expected one step, second order
reaction model that has been used to describe free DNA hybridization. 124 The two-
step model yields an activation energy of 20.4 kcal mol -  using the measured
kinetics at 15, 25, and 37°C. In contrast, the hybridization of the same, unbound
DNA has a measured activation energy of 12.9 kcal mo'-1. The difference in the
activation energies is consistent with a decrease in the free energy of the DNA due
to pre-adsorption on the SWNT surface. This free energy decrease increases the
energy required for activation of the DNA strands into the transition state.
Desorption of the suspending DNA sequence, as well as aggregation, are eliminated
as factors in the slow hybridization detection. Future research can address the
energetically unfavorable adsorption step as a means to improve and optimize novel
biosensors involving nanotubes and nanowires.
5 Detection of a Single Nucleotide Polymorphism using Single Walled
Carbon Nanotubes
In order to probe the sensitivity of the detection mechanism for DNA
hybridization on SWNT, the sensor was used to detect the presence of a single base
mismatch. The complementary DNA strand was substituted with a sequence that was
identical, except for one single nucleotide polymorphism (SNP) in the center of the
sequence.
5.1 Introduction to SNP Detection
Mutations in the human genome have been the cause of predisposition to
diseases'156,157, genetic disorders 58, and discrepancies in the response to drugs and
therapeutics 59. The single nucleotide polymorphism (SNP) 156' 157' 160 is the most common
mutation, and is defined as a variation where one position in the DNA sequence can be
occupied by either of two different bases'56,158,159 . An understanding of SNP associations
to disorders and reaction to drugs opens the door to more effective therapeutics 161,'162. At
the clinical level a method is needed for allelic discrimination and detection of specific
SNPs161,163,164
Although most current SNP typing methods involve the use of enzyme
reactions 65, enzymes can be expensive or have low specificity' 66, and direct
hybridization of target and probe remains the simplest sequence specific method to detect
SNPs 167. The major challenge in hybridization methods is to ensure that the probe is
designed such that allelic discrimination between complement and SNP is robust' 67. This
discrimination must be coupled with a detection mechanism and the use of light detection
is the most common method 67 . Previous SNP detection has been reported based on
colorimetric methods 68 in which Au particles conjugated with DNA aggregate upon
hybridization and change colors based on the size of the aggregates161 '164. Luminescence
methods1 69 have also been demonstrated with detection limits in the zM range 163
Specifically, the use of fluorescence is simple, versatile, and can be multiplexed 67.
Nanocrystals have been used for SNP detection with improved fluorescence lifetime as
compared to traditional fluorophores 70. Semiconducting single-walled carbon nanotubes
(SWNT) exhibit even longer fluorescent lifetimes with no significant photobleaching 31 .
This chapter discusses the detection of a single nucleotide polymorphism (SNP) using
SWNT PL74, some serious limitations of this method, and some preconditions necessary
to achieve the transduction.
5.2 Detection of a SNP using Single Walled Carbon Nanotubes
The SNP sensor was prepared by adsorbing probe DNA (5' -
TAGCTATGGAATTCCTCGTAGGCA - 3') onto the SWNT (HiPco, Rice Research
Reactor run 107) surface via a two step dialysis procedure32 ,75(see section 2.2), resulting
in a dispersion of individual, fluorescent SWNT. The presence of the SNP DNA strand
can be detected through an emission energy increase in the peak center of the (6,5)
nanotube fluorescence, and can be distinguished from the response caused by a fully
complementary DNA. SNP DNA' 7 1 (5'-GCC TACGAGGACTTCCATAGCT-3') was
added to the probe DNA suspended SWNT and incubated at 370C. A potential barrier
associated with hybridization at the nanotube surface reduces the rate of hybridization
(see Chapter 4), so the fluorescence energy was monitored every 3 minutes for 8 hours
(785nm excitation, 15mW to the sample, 41sec exposure, 1 accumulation). After
reaching steady state, the energy increased by 0.8 meV compared to the initial energy. In
contrast, the addition of complementary DNA (cDNA 5'- GCC TAC GAG GAA TTC
CAT AGC T - 3') caused an energy increase of 1.2 meV from the probe DNA-SWNT
fluorescence. It can be concluded, therefore, that SNP detection is possible through the
different emission energy resulting from SNP compared to that of the full complement
DNA, as shown in the transient measurement in Figure 5.1 a. The cDNA and SNP were
added in excess to ensure saturation of the SWNT surface in solution. The final
concentrations of probe DNA and SWNT are 118 nM and 27 nM as determined using
adsorption spectroscopy, while cDNA and SNP are 652 nM. We note that as expected,
the SNP response is approximately two thirds of the response of the completed
complement, consistent with a partial hybridization.
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Figure 5.1: Detection of a single nucleotide polymorphism using SWNT. The presence of a single
nucleotide polymorphism (SNP) in the complement results in incomplete hybridization on the nanotube
surface and a smaller surface coverage. a) At 25 "C the steady state energy shifts from the complement,
SNP, and the difference between cDNA and SNP are shown. The addition of cDNA causes a larger energy
shift of the (6,5) fluorescence than the addition of SNP, which is consistent with greater surface coverage
by cDNA. The error bars represent the 95% confidence interval. b) A diagram showing the different
nanotube coverage that can result from complementary DNA (cDNA), and cDNA containing a SNP. c)
Transient detection of the energy shifts for cDNA and SNP at 37C were fitted with a two-step model of
adsorption followed by hybridization of the cDNA/SNP. While the equilibrium constants are the same, the
partial hybridization of SNP comes to steady state faster than cDNA hybridization.
C
The energy shift as a function of time was fitted using a two step model including
a fast adsorption step, followed by a slower hybridization step75 with the kinetic and
equilibrium constants, k and K, and the total number of binding sites, 0 T, as fitting
parameters. The equilibrium constants for both systems were determined by regression
as 5x10 7 M-1', but the cDNA system reached steady state faster than the SNP system with
kcDNA=1.47x0-4 sec- 1 and the ksNp=1.16x10 -4 sec-1. The slower path to reach steady state
of the SNP strand is consistent with a disruption in hybridization at the mismatched
nucleobase pair in the center of the DNA sequence. If each nucleobase hybridization is
considered to be a separate, concerted 2 nd order reaction, then it is expected that cDNA
would have a higher forward rate constant.
To verify the phenomena observed in the transient experiments, the fluorescence
measurements were repeated, for just the initial and final conditions of the hybridization.
The steady state fluorescence energy shift measurements resulting from SNP and cDNA
were repeated 19 times at 25'C, waiting 24 hours to reach steady state, to ensure
consistency of the SNP detection method. For each batch of probe DNA1-SWNT, the
ratio of energy shift from SNP, AEsNP, over the energy shift from cDNA, AEcDNA, was
calculated. The average value for AEsNP/AEcDNA is 0.82 (shown in Figure 5.1b). We
note that the different temperatures (25 and 370 C) of the system affect the fluorescence
energy shift of the SWNT, but the effect remains consistent.
The smaller fluorescence energy shift from the SNP as compared to the
complementary DNA is consistent with a picture of incomplete hybridization on the
SWNT surface, caused by the mismatched base pair. The diagram in Figure 5.1b
illustrates how full hybridization of the complement with the probe DNA that is already
on the nanotube would result in denser DNA packing and more expulsion of water than
the partial hybridization that would occur between SNP and probe DNA. A high
dielectric environment (in this case water (E=88)) on the SWNT surface, compared with
low dielectric environment (in our case DNA (E=2.1)) has been reported to decrease the
SWNT fluorescence energy in the past. Previous work30,32,53,75 reported that the
fluorescence energy of a nanotube is inversely proportional to the square of the local
dielectric constant. Ohno et a1172 report two factors which cause a red shift in the
fluorescence energy as the dielectric environment increases: the exciton binding energy,
and the repulsive electron-electron energy, with the latter energy dominating the effect.
Their work indicated that an increase in the dielectric environment increases screening
effects, decreasing repulsive electron-electron energy, which results in a red shift. The
observation from this system, that the cDNA+probe DNA on the SWNT result in a higher
fluorescence energy than the SNP+probe DNA on SWNT is consistent with Ohno et al
and others 73' 174
5.3 Application of Detection Mechanism to Four Other Sets of Sequences
To further probe the utility of this detection mechanism, this SNP detection
method was applied generically to sequences of particular importance such as genes
which are correlated to a predisposition to breast cancer. Specifically, the method was
applied to four other sets of DNA (Table 2), but the occurrence of the fluorescence
modulation phenomenon appears to be highly dependent on the capture DNA sequences.
Table 2: All sequences of DNA tested for hybridization detection
DNA Name
BRCA2-1
BRCA2-1 com
BRCA2-1 SNF
BRCA2-2
BRCA2-2 com
BRCA2-2 SNF
Plague 30
Plague 30 con
Plague 30 SNF
Plague 20
Plague 20 con
Plague 20 SNF
p.
p.
Sequence
5'-AGG GCT TCT GAT G TGC TAC ATT TGA-3'
5'-TCA AAT GTA GCA C ATC AGA AGC CCT-3'
5'-TCA AAT GTA GCA A ATC AGA AGC CCT-3'
5'-ACT AAT TTC TTT T CTC ATT GTG CAA-3'
5'-TTG CAC AAT GCG A AAA GAA ATT AGT-3'
5'-TTG CAC AAT GCG C AAA GAA ATT AGT-3'
5'-AGT AGT TAT CCC CCT CCA TCA GGC AGA TCC-3'
5'-GGA TCT GCC TGA TGG AGG GGG ATA ACT ACT-3'
5'-GGA TCT GCC TGA TGA AGG GGG ATA ACT ACT-3'
5'-CCC CTC CAT CAG GCA GAT CC-3'
5'-GGA TCT GCC TGA TGG AGG GG-3'
5'-GGA TCT GCC TGA TGA AGG GG-3'
p.
P
ip.
P
For all four sets of DNA (20-30 bases long) at the same concentrations and at 250 C, no
statistically significant fluorescence energy changes were observed in response to the
addition of the respective complementary or SNP strands. Figure 5.2 shows the average
resultant fluorescence shift after adding complementary or SNP DNA strands for each set
of capture DNA-SWNT probes; and the error bars represent 95% confidence intervals.
We note that if all the results from different batches are averaged, the SNP caused a shift
of 1.63±0.24, while the cDNA caused a shift of 2.02±0.24 meV, giving the appearance of
overlapping error bars. However, the averaged difference between SNP and cDNA shifts
(0.38±0.097 meV) within each batch of probe DNA-SWNT indicates that while there is
some batch-to-batch variation, the detection method shows a statistically significant
distinction between the responses for SNP and cDNA. Unlike for the original set of
probe, cDNA, and SNP DNA, three of the four additional DNA sets exhibit a decrease in
fluorescence energy after the addition of complement and SNP, indicating a decrease in
DNA coverage of the nanotube. The inconsistent shifts and the shifts to lower energies
are likely related to the manner in which the different probe DNA sequences are initially
adsorbed to the SWNT. Full or partial hybridization of the DNA strands could alter the
adopted configuration of DNA on the nanotube in such a way that the SWNT coverage
actually decreases. Additionally, some DNA probe strands 175 do not even adsorb to
SWNT in such a way that the nanotubes are colloidally stable and fluorescent.
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Figure 5.2: Fluorescence energy shifts for all the DNA sequences tested. The resulting fluorescence
energy shifts from the addition of complement and SNP are shown for 5 sets of DNA. While the original
DNA strands showed reproducible shifts, a consistent energy shift of the (6,5) fluorescence is not seen for 4
other sets of DNA sequences.
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5.4 Analysis of Unsuccessful Detection of Other DNA Sequences
To gain insight as to why a DNA sequence fails as an effective capture probe, we
note that the initial fluorescence energies of the DNA-SWNT probes vary widely
between the five sequences, and that the most effective (original DNA) has the lowest
initial fluorescence energy. Figure 5.3 shows the initial (6,5) nanotube fluorescence
energy difference between the original DNA-SWNT and the original DNA + SNP, the
original DNA + complement, and the four additional probe sequences adsorbed to SWNT.
The SWNT suspended with the four other probes have initial energies that are 1.42 to
1.96 meV greater than the (6,5) energy of the original probe DNA-SWNT. Indeed, the
plague 30mer probe SWNT has almost the same initial energy as the steady state
saturated surface of original probe DNA-SWNT + complement, suggesting that the
plague 30mer probe strands may already saturate the SWNT surface. Therefore, it
follows that the addition and hybridization of the complement or SNP would not
significantly change the surface coverage and fluorescence energy of the SWNT. The
result allows one to predict a priori the success of a particular capture probe in this
scheme, and also suggests a future direction to allow the technique to work on an
arbitrary sequence: design a SWNT binding domain into the sequence that results in sub-
monolayer coverage of the SWNT sidewall.
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Figure 5.3: Fluorescence energy of 4 different probe DNA-SWNT. The fluorescence energies for the
SNP and complement added to the original DNA probe, and other 4 single stranded probe DNA SWNT are
shown relative to the original probe DNA SWNT. All of the other probe DNAs suspend SWNT with a
higher initial energy, indicating a denser surface coverage.
In order to understand the structural differences in the DNA that could arise from
changing the sequences, Vector NTI, a bioinformatics software package, was used to
predict the possible hairpin and dimer structures that could form between strands of the
same sequence. A temperature of 25 'C, a salt concentration of 100mM, and a DNA
concentration of 30nM were used in the calculation. The software calculates the energy
associated with each structure, and any structure with an energy < -2kcal/mol was
considered likely to form in a real system. We found that the original probe DNA has a
tendency to form a dimer with an association energy of -9.7kcal/mol, while none of the
other probes is likely to form dimers. These partially double stranded dimers could help
to keep the initial surface coverage of the original probe DNA-SWNT low, and serve as
sites for the initiation of hybridization on the SWNT surface. Ultimately, to understand
a
how to design future sensors for any DNA strand of importance, the interaction between
DNA and SWNT must be understood in a quantitative way.
5.5 Conclusions
In this chapter SWNT are shown to be sensitive enough to detect a single
nucleotide polymorphism on the surface through an increase in the fluorescence energy
of the (6,5) nanotube that is distinct from the increase caused by a fully complementary
strand. The use of SWNT as DNA sensors is limited, however. In addition to having a
very slow transduction mechanism, the detection only works for very specific sets of
sequences. Any future work would have to focus on designing capture sequences that
lead to sub-monolayer coverage on the nanotube which would allow this detection
mechanism to be observed for an arbitrary sequence. Further design efforts for SWNT
with DNA and any other polymeric molecules would be greatly aided by a more detailed
understanding of the characteristics which govern the conformation of the polymer on the
nanotube surface.
6 Experimental Studies of Polymer-SWNT Interaction
In chapter 5 the successful development of a nanotube sensor for detection of a
single nucleotide polymorphism was demonstrated, but the application of this sensor to
other sequences of DNA revealed that the method could not be generically applied to any
DNA sequence74. Specifically there are some specific conditions required for the
detection mechanism to work, and the results from chapter 5 left many questions about
the future design of DNA suspended SWNT sensors. In order to begin to design better
sensors, a more detailed understanding of the interaction between chainlike molecules
and SWNT is needed. The information gained from this study would not only be useful
to inform about SWNT sensor design, but also more broadly for the design of materials to
control colloidal stabilization of nanotube solutions through noncovalent modification of
the SWNT surface. SWNT colloidal stability is critical for all solution phase optical
studies, as discussed in chapter 1.1, and is necessary for a wide range of applications.
This study utilizes a model system consisting of phenoxy modified dextran polymer and
single walled carbon nanotubes.
6.1 Overview of Phenoxy Dextran SWNT System
Dextran is an uncharged, hydrophilic polymer consisting of glucose monomers
linked together. When dextran is unfunctionalized, it is not expected to adsorb to the
SWNT to an appreciable degree, due to the strong hydrophobicity of the nanotubes.
Indeed in the unfunctionalized state, dextran cannot be used to stabilize SWNT in
solution. However, the hydroxyl groups on the monomeric units can be functionalized
with 1,2 -epoxy 3-phenoxypropane to add aromatic groups to the polymer which are
known to allow for pi-stacking with the nanotube surface 28. These phenoxy groups are
expected to act as anchors to noncovalently bind the dextran to the SWNT. The number
of phenoxy groups per polymer chain is therefore expected to play a role in the amount of
polymer adsorbed on the surface, and the ensuing colloidal stability of the dextran-
SWNT solution. A schematic of the molecules is shown in Figure 6.1.
Dextran Chain - hydrophilic
uncharged
L0 Glucose unit
Hydroxyl groups can be
reacted
Aromatic groups pi-stack
SWNT
-sb.
ILoop height
Figure 6.1: Schematic of phenoxylated Dextran for suspension of SWNT. a) Dextran polymer and
modification with phenoxy groups. The hydroxyl groups on the monomeric units are functionalized with
1,2 epoxy 3-phenoxypropane, yielding aromatic side groups that can pi stack on the nanotube surface. b)
The phenoxy groups are proposed to act as anchor site for the polymer to adsorb to the SWNT surface. An
increase in phenoxy content of the dextran is expected to result in an increase in the SWNT surface
coverage.
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Figure 6.1b depicts the proposed adsorption to SWNT of different species of dextran,
each with a different phenoxy composition. Without any phenoxy groups, the dextran
does not adsorb significantly to the SWNT. As the number of phenoxy groups is
increased, the number of potential anchor sites for the polymer also increases. While the
hydrophobic phenoxy groups are expected to favor the SWNT over the water, the
unfunctionalized units of dextran are expected to favor the water, and extend away from
the SWNT into solution in a loop configuration. An increase in the number of phenoxy
groups is expected to increase the polymer density at the SWNT surface, and decrease the
extension distance of the polymer.
6.2 Reaction and Characterization of Dextran
For these studies, dextran with varying degrees of phenoxylation was synthesized.
Each of these species was characterized and subsequently tested with SWNT separately.
6.2.1 Reaction ofDextran with 1,2 Epoxy 3-phenoxypropane
The reaction of dextran was carried out on three different lengths of polymer with
average molecular weights of 10kD, 70kD, and 500kD. These polymers were purchased
from Sigma Aldrich and had size distributions of 9-11, 64-76, and 425-575 kD
respectively. The steps of the reaction are as follows. Into a round bottom flask was
added 6g of dextran, which was dissolved in 49.5 mL of IN NaOH that was kept at 400 C
in a mineral oil bath. After the dextran was fully dissolved, 4.5mL (- 5g) of the
precursor, 1,2-epoxy 3-phenoxypropane, was added to the flask and the solution was kept
well mixed as the reaction occurred. A scheme to illustrate the reaction is shown in
Figure 6.2. Aliquots of 9mL of the solution were removed every few hours (see Figure
6.3 in section 6.2.3 for the reaction time of each sample), and immediately added to
100mL of methanol to quench the reaction and precipitate the polymer. The precipitation
took 1-2 hours, after which time the dextran was washed three times in methanol to
remove excess precursor and other impurities. The polymer was redissolved in water,
precipitated, and washed a second time to remove any remaining trapped impurities. The
washed polymer was fully dried using a dessicator under vacuum for one week.
2 0
OH + OH
OH OH 1,2 epoxy 3-phenoxypropane OH 0
OH (OH O(EPP)
Dextran Monomer OH
OH
400C O
1N NaOH 4
OOH
OH [ O Dialysis
OH 0 + SWNT PBS
OH 0C
OH OO
Phenoxy Dextran _O_
0 OH Phenoxy Dextran - SWNT
Phenoxy group pi-stacks with SWNT
Any -OH group can be reacted
Figure 6.2: Scheme for reaction of dextran (1) with 1,2 epoxy 3-phenoxypropane (2) to form
phenoxylated dextran (3). The phenoxylated dextran is subsequently adsorbed to the surface of single
walled cabron nanotubes (4) via pi-pi stacking.
6.2.2 Characterization of Functionalized Dextran
In order to determine the composition of each of the reacted dextran strands, each
sample was characterized using absorption spectroscopy. A Shimadzu UV-30101PC
UV-vis-nIR scanning spectrophotometer with a sampling interval of Inm at medium
speed and a slit width of Inm was used to take the measurements. Previously, dextran
has been modified with phenoxy groups and the phenoxy content was determined using
the optical absorption at 269 nm 176' 177. The phenoxy content of dextran was determined
in this work using Beer's Law and the extinction coefficient, E269nm = 1372 L molh cm -1,
given by Fournier et al,.
C = 269m (6-1)
E269nmL
where C is the concentration of phenoxy groups, A269nm is the absorbance at 269nm,
-2 69nm is the extinction coefficient of phenoxy at 269nm, and L is the pathlength, which
was Icm for this work. The dextran concentration was easily calculated using the known
concentrations of dextran and volumes of samples extracted at each step of the synthesis
and characterization process. One chart for each of the three dextran lengths giving
phenoxy content as a function of time is shown in Figure 6.3. Percent phenoxy is defined
as the percent of monomers in the chain which are reacted with phenoxy groups. The
circled points for the 70kD Dextran in Figure 6.3 were not used in further
experimentation for suspension of SWNT. The sample at 10 hr reaction was
contaminated during post reaction processing, and visible impurities are the cause for the
higher than expected % phenoxylation. The % phenoxy for the samples at 22.5 and 24.5
hours were not known with confidence and were therefore not used for comparison with
the model in chapter 7.
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Figure 6.3: The phenoxy content of dextran is shown as a function of reaction time. The phenoxy
content is given as the % of dextran monomers which are functionalized for a) 10, b) 70, and c) 500 kD
dextran. The concentration of phenoxy is determined using absorption spectroscopy and Beer's law. Due
to known sample contamination and inconsistencies, the three circled points in part b were not used for
suspension of nanotubes.
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6.3 Assembly of Dextran on SWNT
Dextran is adsorbed to the nanotube surface via the dialysis method described in
detail in chapter 2. Briefly, dextran of various lengths and phenoxy content is dissolved
in a sodium cholate nanotube suspension. Preparation of the sodium cholate solution is
detailed in section 2.2.1. The concentration of sodium cholate was 2 weight percent and
the carbon nanotube concentration was diluted to 20 mg/L before dialysis for all of the
samples in this work. This cholate-SWNT solution was free of any large aggregates and
bundles. The phenoxy content of the dextran used for this work ranged from 2-24%
phenoxy. The dextran/SWNT ratio was also varied from 7 to 291 mg Dextran/ mg
SWNT. For each combination of specified dextran length, phenoxy content, and
Dextran/SWNT ratio, three samples were prepared and each one was dialyzed separately
using a 96 well plate dialyzer from SpectraPore Technologies. The apparatus used a
dialysis membrane with a pore size of 12-14 kD molecular weight cutoff (MWCO). The
pore size is determined assuming a spherical molecule with the given molecular weight
range, and the vendor recommendation is to use a MWCO 10 times larger than the
molecules being removed via dialysis. Therefore, the 12-14 kD MWCO dialysis
membrane is still suitable for use even though the MWCO is greater than the small
dextran (10kD) studied here. The dextran and cholate-SWNT solution was dialyzed
against IX Phosphate Buffer Solution rather than water to prevent sample dilution caused
by an influx of water into the sample well due to an imbalance in salt contents on both
sides of the membrane. The dialyzer held 14.4 mL of sample in total, and the buffer
reservoir contained 4L of buffer. As the small cholate molecules were dialyzed out of
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solution, the SWNT surface coverage decreased, leaving space for the dextran molecules
to adsorb. If the dextran did not adsorb to a significant degree, or two bare nanotubes
came in contact with each other before adsorption of the polymer, the nanotubes
aggregated and flocked out of solution. The samples were dialyzed for 48 hours. Each
96 well plate dialysis run contained samples of unfunctionalized dextran and cholate
SWNT which are known to fully aggregate due to lack of polymer adsorption to the
SWNT. The aggregates could be seen with the eye as black solids in the otherwise clear
solution. These samples with unfunctionalized dextran were used as controls to ensure
that the cholate had been removed from all the samples. After dialysis was complete,
each of the samples was removed from the dialysis plate and centrifuged at 13200 rpm
for one hour in an Eppendorf 5415D benchtop microcentrifuge to collect all the
aggregates at the bottom of the centrifuge tube. Only the SWNTs that were suspended
with dextran remained in the supernatant, which was removed by drawing out the top
100uL of solution with the pipette (Figure 6.4). This supernatant was loaded into a
standard Falcon flat bottom disposable 96 well plate for characterization using absorption
spectroscopy.
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A Cholate Suspends SWNT
i Abs62onm,Cholate - [SWNT]o
Before dialysis Cholate removed during dialysis
Dextran Suspends SWNT
AbS620nm,Dextran - [SWNT]f
Dextran SWNT/
After dialy
, Aggregated
SWNT
Figure 6.4: Illustration of Suspended SWNT and absorption measurements. Before dialysis SWNT is
suspended with cholate (triangles). The SWNT concentration is determined using Abs at 620nm. Dialysis
removes cholate, which uncovers SWNT surface for adsorption of dextran (blue curved lines). Dextran
suspends some of the SWNT, but the remaining SWNT aggregates and is density separated using
centrifugation. The absorption of the final solution yields the amount of SWNT suspended with dextran.
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6.4 Colloidal Stability of Phenoxy Dextran SWNT
6. 4.1 Characterization Using Absorption Spectroscopy
Single walled carbon nanotubes absorb strongly from the infrared to the UV
regions. Each species of nanotube absorbs at a unique wavelength23 and the height of a
peak is directly proportional to the number of nanotubes of that particular species in
solution 78 .179. The height of the baseline of the spectrum, or the valleys between the
peaks is proportional to the total number of nanotubes in solution.
Therefore to obtain a measure of the total number of nanotubes in solution, a
wavelength of 620nm was chosen as a valley point to compare the total number of
nanotubes suspended in each of the dextran-SWNT samples. The absorption
measurements were taken in a 96 well plate using a Varioskan Flash well plate reader.
The photometric scanning setting was used and spectra were taken from 600-650nm with
a step size of Inm and a measurement time of 100ms at each wavelength. Three water
blanks were used in each of the plates for background subtraction. The criteria used to
compare the colloidal stability of the dextran-SWNT solutions was the % of the original
amount of cholate SWNT that remained suspended in dextran (Figure 6.4). Each of the
samples started with the same concentration of suspended SWNT, namely 20mg/L, since
the same cholate SWNT solution was used for the all dialyses. Therefore, three cholate
SWNT controls were used in each of the well plates to determine the absorption at
620nm of 100% of the nanotubes initially suspended in the dialysis system. The %
suspended SWNT is therefore defined as:
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%Susp = 620nm,Dext-SWNT (6-2)
A620nm,cholate-SWNT
where A is the absorbance. The average absorbance of water was subtracted from the
dextran-SWNT and cholate-SWNT spectra before calculating the number of SWNT
suspended.
6.4.2 Colloidal Stability ofSWNT Suspended with Various Dextran Species
For each of the three molecular weights of dextran, the % suspended SWNT was
measured in triplicate as a function of 1) the phenoxy composition of the dextran, and 2)
the dextran / SWNT ratio. This ratio is a measure of the dextran concentration in solution,
since the SWNT concentration is kept constant for all of the samples. The % suspended
SWNT is plotted as a function of the % phenoxy of the dextran for each of the dextran
lengths and Dextran / SWNT ratios in Figure 6.5. The error bars represent ± 1 standard
deviation. The plots were fitted with Gaussian peaks to aid the eye.
The experimental results are also shown more concisely as 3 dimensional contour
plots in Figure 6.6 with the normalized % SWNT suspended (z-axis) shown as a function
of % phenoxy (x-axis) and Dextran/SWNT ratio (y-axis) for each of the three dextran
lengths.
105
SWN
10 20
%Phenoxy
29mg Dext/mg SWNT
10 :
%Phenoxy
15mg Dext/mg SWNT
5 10 15
%Phenoxy
10kD Dextran
WNT 25
20
15
- 10
5
0
30 -5
T 12 -
10 -
8
S6-
0
3 -2
-4
12
10
8
6C-c4
CU 2
0
-2
-4
30 
-6
12
10
8
6
u)4
-2
0
-2
20 25 
-
-6
%Phenoxy
%Phenoxy
22mg Dext/mg SWNT
10 2 30
%Phenoxy
7mg Dext/mg SWNT
-5 0 15 20 25
%Phenoxy
106
30
25
20
15
10
5
0
-5
-10
20
15
"10
0
-5
14
12
10
8
C-
cn6
C/)4
2
0
-2
-4
70kD Dextran
40 70kD 291mg Dext/mg SWNT 35 218mg Dext/mg SWNT
35 30
30 25
2525
20 20
10 0 105 5
0
-5 10 20 30 0
%Phenoxv -5 10 20 30
35 
0/Phnnxv/
30 146mg Dext/mg SWNT 30 73mg Dext/mg SWNT
2525
a 20 20
15 CO15
10 10
5 5
-5 10 20 30 0 T
%Phenoxy -5 10 20 30
%Phenoxy
18 29mg Dext/mg SWNT 16 T 22mg Dext/mg SWNT
614
14
121212
3010 10 20 30
86 64 40 0
-2 10 20 30 -2 10 20 30
%Phenoxy %Phenoxy
10 15mg Dext/mg SWNT 7 7mg Dext/mg SWNT
8 6 t
-2 - 10 20 30 1 10 20 30
oPhnenoxy /oPhenoxy
107
500kD Dextran
bu 500kD 291mg Dext/mg SWNT 6so 500kD 218mg Dext/mg SWNT
50 50
40 40
Cn 4C.
30 30
20 20
10I 10
0 0
0 10 20 30 0 10 20 30%Phenoxy %Phenoxy
70 146mg Dext/mg SWNT 40 73mg Dext/mg SWNT
35
60
C 50 25
S40 20
" 30 15
20 10
105 s
0 10 20 30
0 10 20 3( %Phenoxy
%Phenoxy
40 29mg Dext/mg SWNT 25 22mg
35
30 T 20
152020
15 10
10
0 0 I
0 10 %Phenoxy 2 0  30 0 10%PhenoxV 20  30
15mg Dext/mg SWNT 25 - 7mg Dext/mg SWNT
20 S20
i n15
5 -
0 -0 I _ 10 1 5L1
0 30 10 20 3C%Phenoxv -5 %Phenoxy
Figure 6.5: The % SWNT suspended is shown as a function of % phenoxy content of the dextran
(blue data points). Three dextran sizes were used: 10, 70 and 500kD. Error bars reflect data points
collected in triplicate. The experimental points were fitted with Gaussian peaks (shown in pink) to aid the
eye and to determine the peak centers.
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The most notable feature of this work is that the 10, 70, and 500kD dextran all
show a clear optimal phenoxy composition for colloidally stabilizing the SWNT. At low
phenoxy content, the largely hydrophilic dextran is expected to adsorb poorly to the
highly hydrophobic SWNT. This adsorption would leave uncoated SWNT surface and
allow for the SWNT molecules to form tight aggregates due to the strong inter-tube van
der Waals forces. However, when the phenoxy content became too high, the SWNT also
aggregated, indicating a change in the balance between attractive and repulsive
interactions, causing polymer-coated SWNT to stick together. Using the picture from
section 6.1 of phenoxy groups acting as anchors for the polymer, the adsorption of
dextrans with high phenoxy content can be depicted as a polymer with very small
hydrophilic loops of dextran extending into and mixing with the water. An increase in
the phenoxy content of the dextran would decrease the distance between the phenoxy
groups, decreasing the height of the loops and extension into the water. Since the pi-pi
stacking and the attractive potential between SWNT become exponentially stronger with
decreasing distance, the decreasing loop size would allow the nanotubes to get closer
together and aggregate. A scheme for the proposed interactions at low, optimal, and high
phenoxy content is shown in Figure 6.6b. The maxima amounts of SWNT suspended
occur with dextrans which have 10-12% of the monomers phenoxylated for the three
dextran lengths, so there is little length dependence of this optimal % phenoxy. Although
the % SWNT suspended is clearly a function of the Dextran / SWNT ratio, there does not
appear to be any optimal ratio for suspending the SWNT. The amount of colloidally
stable SWNT only decreases with the dextran / SWNT ratio.
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Figure 6.6: The normalized % SWNT suspended is shown as a function of % phenoxy content of the
dextran and Dextran/SWNT ratio in the system a, c, and d. The red points indicate the highest
suspension while the blue region represents the lowest suspension. b) The proposed picture is one of I.
colloidal instability at low phenoxy due to lack of polymer adsorption to SWNT. II. Colloidal stability at
midrange % phenoxy due to adequate adsorption and dextran loops sterically preventing SWNT from
contacting each other. III. Colloidal instability at high phenoxy due to insufficient polymer extending from
the SWNT to sterically separate the SWNT. The regions are marked on the 10kD chart.
the S)WNT to sterically separate the SWINT. The regions are marked on the I1OkD chart.
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Of lesser importance to this study is the range of phenoxy composition that
colloidally stabilizes the SWNT for each of the three dextran lengths. The 70 and 500 kD
dextrans appear to stabilize SWNT at a lower phenoxy composition. The 10 and 500 kD
dextran lose the ability to stabilize SWNT at approximately 15% phenoxy, while the
70kD dextran appears to stabilize SWNT up to 20% phenoxy. However, a closer
examination of the experimental data in the 2D form indicates that the 20% phenoxy
stabilization is likely an experimental artifact. Figure 6.7 shows the % SWNT suspended
as a function of the % phenoxy for each of the dextran lengths at the highest dextran /
SWNT ratio. The boxes in each of the charts highlight the critical region where SWNT
stability decreases with increasing % phenoxy. The 10 and 500kD dextran both have 4
data points in this region to define the width of the right hand side of the peak with
confidence. However, the 70kD dextran only has one data point in this region. Any
experimental error in this one data point would affect the width and shape of the entire
peak. Therefore the apparent higher %phenoxy at which the SWNT lose stability for the
70kD dextran may be caused by this gap in the experimental data. The peak width on the
right hand side is also therefore considered to have negligible differences across the three
dextran lengths. There are also a few artifacts in the charts, namely at 20% phenoxy for
the 10kD and at 6% phenoxy for the 70kD. In these regions the suspension appears to be
higher than expected, but an examination of the data from Figure 29 showing the data in
2 dimensions instead of 3 indicates that the error bars artificially increase the apparent
level of SWNT suspension.
111
30 10kD 291mg Dext/mg SWNT 40 70kD 291mg Dext/mg SWNT
25 30
20
15 5 20
5 -10
0 0 I5040
-5 5 10 15 23 25 30
0 0 5 10 15 20 25 30
-10 %Phenoxy -10
%Phenoxy
6.8. The same500kD 291mg Dextmg SWNT
30U)
0 5 10 15 20 25 30
%Phenoxy
Figure 6.7: All dextran lengths have the same maximum % phenoxy that stabilizes SWNT. The %
SWNT suspended is shown as a function of % phenoxy for each of the three dextran lengths at the highest
dextran / SWNT ratio. The critical region at which the SWNT lose stability is from 12-20% phenoxy, and
is highlighted with a red box on each of the charts. While the 10 and 500kD dextran each have 4 data
points in this region, the 70kD dextran only has 1 data point, decreasing the confidence of the exact peak
shape on the right hand side of the 70kD peak.
The amount of SWNT suspended using the three sizes of dextran, was also
compared by examining the unnormalized % of SWNT suspended, as shown in Figure
6.8. The same color scale is used for 10, 70, and 500 k) dextran, indicating that the
longer dextran chains suspended more SWNT than the shorter chains with the same
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phenoxy content. However, the presence of an optimal % phenoxy remains consistent
throughout.
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Figure 6.8: The % SWNT suspended are plotted as a function of % phenoxy and Dextran/SWNT
ratio for a) 10, b) 70, and c) 500kD dextran. The data is not normalized and the same color scale is used
for the three dextran lengths. The longer dextran is able to suspend a much higher percentage of the total
SWNT that was initially suspended in solution. d) The maximum % of the total SWNT suspended is
shown for each dextran size.
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6.5 Conclusions
Phenoxylation of dextran can be used to tune the polymer's ability to colloidally
stabilize single walled carbon nanotubes. Moreover, a distinct region, or "island" of
colloidal stability, indicates that there is clearly an optimal phenoxy composition for
suspending the SWNT. At % phenoxy below the optimum, the dextran is too hydrophilic
to adsorb to and colloidally stabilize SWNT. At % phenoxy above the optimum, the
polymer does not extend out from the SWNT surface enough to keep the SWNT from
aggregating. In contrast, the colloidal stability of SWNT only decreases with dextran /
SWNT ratio. These experimental findings will be modeled and analyzed further in
chapter 7.
As a side note, mention is made here of another model system of DMPC polymer
adsorbing to SWNT for the design of solar cells. This system was studied briefly as a
side project, and the small study is detailed in Appendix B.
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7 Development of Model to Describe Dextran Interaction with SWNT
The experimental methods detailed in the previous chapter indicate that there is an
optimal degree of dextran phenoxylation for suspending single walled carbon nanotubes.
Phenoxylation of dextran was expected to increase the ability of the polymer to
colloidally stabilize SWNT. However, rather than simply increasing stability with
phenoxy composition, there was a clear maximum SWNT suspension for phenoxy
compositions of 10-12%, beyond which the SWNT stability decreased. The stability was
also a function of the dextran / SWNT ratio, which is a measure of dextran concentration
in solution. However, the stability only decreases with the dextran / SWNT ratio. The
criterion of stability is based on absorption measurements to quantify the amount of
SWNT that remained individually dispersed in solution. Therefore the purpose of the
model is to describe this varying concentration of SWNT suspended with different
species of dextran, as a function of the phenoxy composition of the dextran, as well as the
concentration of dextran in the bulk solution. The colloidal stability of SWNT is
dependent upon the amount of dextran which is adsorbed onto the surface, as well as the
conformation of the dextran upon adsorption. Ultimately, the stability is controlled by
the interaction between the dextran coated SWNT. If the conditions are energetically
favorable for the dextran-SWNT to come in close proximity with one another, the
probability of colloidal instability is high. Given these conditions, the model is organized
into five parts, each of which is based on a model that has been previously published in
the literature. Each of the previously published models, although self-consistent, has its
own set of assumptions, some of which require further assumptions when applied to the
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current polymer-nanotube system. Therefore the objective is to obtain an approximation,
using modeling with only a few fit parameters, for the colloidal stability of the nanotube
solution for a given polymer composition and concentration. The combination of these
events, which this model seeks to describe, is complicated and as such there have been no
reports of such a model in the literature to date. The model presented here is the first
attempt to describe these phenomena together.
7.1 Overview of the Model
The model is organized into five parts, as is outlined in Figure 7.1. The colloidal
stability of dextran-SWNT is quantified using the % of the original amount of cholate-
SWNT which remains colloidally stable in solution after the cholate has been removed
from the system, and dextran has been adsorbed to the SWNT. The % SWNT suspended
using dextran is calculated based on the collision rate of dextran coated SWNT. This
collision rate, or estimate of aggregate formation, is the diffusion rate in the presence of
interaction energies between the polymer-SWNT. The attractive component of the
interaction energy is based on the Lennard-Jones potential between two SWNT. This
attractive component is in competition with the repulsive energy caused by osmotic
pressure due to the overlap of polymers from two approaching SWNT. The repulsive
energy is dependent on the structure, or profile, of the polymer as a function of distance
from the SWNT surface. This profile is a function of the amount of polymer which is
directly adsorbed to the nanotube surface. An isotherm is developed for this system to
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describe the adsorption from bulk solution to the SWNT. The calculations for the model
were done using Matlab. The code is included in Appendix C.
1. Calculate % SWNT that is colloidally stabilized using dextran
2. Calculate polymer-SWNT collision rate in the presence of interaction energy
3. Calculate the attractive interaction energy
Lennard-Jones potential between two SWNT
4. Calculate repulsive interaction energy
osmotic pressure due to polymer overlap as SWNT approach each other
5. Obtain expression for volume fraction of polymer, cp( r), at dist. from SWNT = 0 -- h
Dextran-SWNT cross section
Brushlike structure h~ h 1
Wijmans Model
6. Determine SWNT coverage as polymer adsorbs from bulk solution
Increase Increase
Low SWNT - ,., High SWNT
Coverage hydrophobicityo bicrophobicity Coverage
Figure 7.1: Scheme outlining the model. 1) The % SWNT suspended using Dextran. This metric is used
to compare different suspensions of dextran and SWNT. 2) The collision rate of SWNT in the presence of
the interaction energy gives a measure of the tendency of the system to aggregate. 3) The attractive
interaction energy between SWNT is calculated using the Lennard-Jones potential between bare SWNT. 4)
The repulsive interaction energy between polymer coated SWNT is caused by osmotic pressure in the
polymer overlap region. 5) The polymer volume fraction profile is determined as a function of distance
from the nanotube surface. The Wijmans model assumes the polymer has a brushlike structure. 6) The
polymer adsorbs from the bulk solution onto the nanotube surface. An increase in the phenoxy content and
hydrophobicity increases the surface grafting density.
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7.2 The Model in Detail
7.2.1 Calculation of the % SWNT Suspended in Solution
The experimental work detailed in chapter 6 yielded the % SWNT which
remained colloidally stabilized after the removal of sodium cholate and the subsequent
adsorption of dextran to the SWNT surface. As such, the model begins with the metric
of % SWNT suspended to quantify the colloidal stability of dextran-SWNT, where %
Suspended is:
Concentration of SWNT suspended using Dextran% Susp. =
Original concentration of SWNT suspended using cholate (71)
The concentrations of the cholate and dextran SWNT can be determined experimentally
using absorption spectroscopy. In the model, the concentration of colloidally stabilized
SWNT comes from the rate at which dextran-SWNT collide and aggregate. The percent
SWNT suspended was calculated assuming that singlets colloided to form doublets which
could collide with triplets, doublets and singlets; and quadruplets could collide with other
quadruplets, triplets, doublet, and singlets, and so forth. Since small SWNT aggregates
can remain collidally stable for long periods of time, a colloidally unstable aggregate is
defined as a cluster of SWNT containing more than five SWNT. The concentration of
colloidally stable SWNT is determined by modeling the aggregation like a step
polymerization reaction. As in step polymerization, two aggregates of any size can
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"react" and form a larger aggregate. The concentration of aggregates containingj SWNT,
according to the expression from Dotson et al.180 is
P = Nbulk (1 I Nbulkt)' (7-2)
1+1Nbulkkt 1+ Nbulkkt
Where Pj is the concentration of clusters composed ofj SWNT, Nbulk = 2.05x10 -11
moles SWNT / cm3 is the initial concentration of functional groups, which is the same as
the initial SWNT concentration in the case of this system, k is the kinetic constant, and t
is the time. The total number of SWNT suspended is determined by summing up Pj for j
= 1 through 5. The percent of SWNT suspended is calculated by dividing this sum by
Nbulk. The kinetic constant of reaction, k, is determined from the expression for the
collision rate, which is discussed in the next section. In the experimental system, dialysis
continued for three days to reduce the cholate concentration to levels below the critical
micelle concentration, and to allow for the dextran to assemble on the nanotube surface.
Before these three days were done, the SWNT were assumed to be colloidally stabilized
by the cholate which was in the system. Subsequent to the removal of the samples from
the dialyzer, which took 30 minutes, the sample was centrifuged for one hour, and
immediately analyzed using absorption spectroscopy. Therefore the amount of collision
time which was used in the model was 1.5 hours.
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7.2.2 Interaction Energy Controlled Collision Rate of Polymer SWNT
The kinetic constant of collision from the previous section is determined from
Fick's law of diffusion in the presence of an interaction energy. The interaction energy
between two nanotubes introduces a drift velocity, which can increase or decrease the
colloidal stability by changing the rate at which particles collide and stick together. The
rate at which the particles collide depends on whether the energy is attractive or repulsive.
This interaction energy governs the colloidal stability. The total interaction energy
between SWNT, explained in detail in sections 7.2.3 and 7.2.4, is used to determine the
rate at which SWNT aggregates form. The rate of collision of two spheres has been
previously described in Hiemenz and Rajagopalan8 1 . The collision of SWNT can occur
with the cylinders in parallel configuration, perpendicular configuration, and at all angles
between 0 and 90 degrees. Assuming that the SWNT can collide at all of these angles
with equal probability, an average contact area is taken as SWNT colliding at a 45 degree
angle. Hence the operative area, that is, the contact surface area of two SWNTs, which is
used for this model is 21/2(2R)2, rather than the lengthxdiameter of the SWNT. The two
colliding SWNT are therefore treated as two spheres in Fick's Law. The calculation of
the collision rate without the presence of an interaction energy is as follows: the center of
SWNT 1, is taken as a frame of reference, and Fick's first law is coupled with a mass
balance to get an expression for the unsteady state diffusion of SWNT two to SWNT one.
8N 1 8 (73)
= D r (7-3)at r (
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N is the number concentration of particles in solution, D is the diffusion coefficient, r is
the distance between the two particles, and t is the time. The diffusion coefficient is
determined using an adapted Einstein-Smoluchowski relation for a cylinder 82
kTD = f (7-4)
And
37rqL
InLL + 0.32
d
(7-5)
Wheref is the friction factor, q is the dynamic viscosity of water, L=500nm is the length
of the SWNT, and d=1.38nm is the diameter of the SWNT. Assuming the diffusion
occurs at steady state, the number concentration can be determined as a function of
distance, r:
C'
N = + C2  (7-6)
r
The variables C1 and C2 are constants from the integrations. Two boundary conditions
can be applied to equation 7-6:
as r 4c o, N(r) - Nbulk
at r = R +R 2, N(r) = 0
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In other words, at an infinite distance from the reference particle, the number
concentration of particles is equivalent to the bulk concentration, Nbulk. At the contact
point between the two particles of radii R1 and R2, the concentration of particles is 0.
Application of the boundary conditions and substitution into Fick's law of diffusion
yields an expression for the flux, J(r):
J(r) = -D dN= -DNbuk (R + R )1 (7-7)dr r
The collision rate is determined by calculating the flux through a given surface area. The
collision will occur at the contact distance, so the surface area is equivalent to the area of
a sphere with radius RI+R 2. The rate of diffusion controlled collision, Z, is therefore:
Z = IJ 4r(R + R2 )2 = 47D(R, + R2 )Nbulk (7-8)
Equation 8 is of the form Z=aNbulk, where the a term is essentially a rate constant, k.
Therefore the rate of reduction for the bulk concentration, ie the coagulation rate, can be
expressed as
dN dNbulk -- bu = -kN 2 k (7-9)
dt
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In the case of dextran-SWNT, there is an interaction force between the particles,
and the calculation for the interaction force controlled interparticle collision, Zint, is
similar to that for the diffusion controlled collision, Z. However, in the presence of
interaction forces between the particles, there is an extra term which comes from the
interaction energy between the two particles, (ifnt(r). This energy exerts a force -dDint/dr
on the diffusing particle, which results in an effective drift velocity veff:
1 dI int  d(( in t / k T )
eff -D (7-10)
f dr dr
Where f is the friction factor, and is converted to the form on the RHS using the Stokes-
Einstein relation. The drift velocity is incorporated into the collision rate to yield an
expression for the collision rate in the presence of an interaction energy, Zint:
Zint =-4cDr2 [dN N d( in kT) (7-11)[dr dr j
The variable T is the temperature (298K), and kB is the Boltzmann constant. The
collision is defined as the rate at which a particle travels from infinite separation to a
distance of 2R+h where R is the SWNT radius and h is the height of the polymer on the
SWNT surface (explained in section 7.2.4). Therefore the collision rate of the particles
can be rewritten as:
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Zint= Nbulk = kNbulk (7-12)
Zt int "dr
Since Zi,, is of the form kNbulk, where k is constant for a given set of conditions, the
kinetic constant for the rate of collision can be determined from the expression 7-12 and
used to calculate the number of SWNT which remain colloidally stable in expression 7-2.
The interaction energy, '"nt, is the sum of the attractive and repulsive energies between
the dextran coated SWNT. The calculation of these energetic components is detailed in
sections 7.2.3 and 7.2.4.
7.2.3 Attractive Interaction Energy between Polymer Coated SWNT
There is a short-ranged attractive potential between bare SWNT that has been
calculated using Lennard-Jones interaction 44. Girifalco et al reported an analytical
solution for the attractive potential between two SWNT with parallel alignment. The
attractive potential is solved in terms of interaction energy per unit length. Since the
dextran-SWNT model assumes the SWNT collide at a 45 degree angle with contact area
of (2R)221/z , the Girifalco model is applied to two SWNT segments with a length of
(2R)21/2. The attractive interaction energy between the SWNT, )int,att, is
mtatt = -AIA+3 21B IBL (7-13)
8r'3 32r'6
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where
, = [(cos 2 cos) 2 + (sin 02 -sin9 1 +R)2 111 12d0d 2  (7-14)
IA = f[(coso 2 -cos 1)2 +(sinO2 -sin, +R'1)215/2dOldO2  (7-15)
00
and r' is the center-center tube distance, L=(2R)21/2 is the SWNT segment length, R is the
tube radius, and R '=r '/R. The variable n, is the surface density of carbon atoms, while A
= 15.2 eV-A 6 and B = 24100 eV-A' 2 are the Lennard-Jones parameters for interaction
between two graphene molecules. If the polymer height on the nanotube is sufficiently
large, the SWNT are kept at a far enough distance that the attractive energy is
insignificant. However, as the polymer height decreases, the SWNT are allowed to come
close enough that the strong but short ranged attractive potential competes with and
exceeds the repulsive energy caused by the osmotic pressure differential which is detailed
in section 7.2.4.
7.2.4 Repulsive Interaction Energy between Polymer Coated SWNT
In this model, the repulsive interaction energy, q0ntrep, is responsible for the
colloidal stability of the dextran coated SWNT. Fleer et a1183 has previously described
the increase in repulsive energy between two planar surfaces coated with polymer as they
approach each other. Here, the Fleer model has been adapted for and applied to the
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dextran-SWNT system. The two nanotubes can collide at any angle, from parallel
alignment of the longitudinal axes, which has the largest contact area, to perpendicular
alignment of the longitudinal axes in a criss cross conformation, which has the smallest
contact area. A mean value of 45 degrees is used for the orientation of all collisions, so
the contact area of two SWNT is approximated to be 21/2(2R)2. While the longitudinal
axes are modeled to be at a 45 degree angle, the SWNTs are assumed to be in parallel
planes, so they approach each other as two small parallel plates. The change in
interaction energy, intrep, can be expressed as the difference in Helmholtz energy
between two SWNT as they approach each other from an initial surface-surface
separation distance, to a final separation distance. The surface-surface separation
distance is simply the center-center distance, r, minus the two SWNT radii, 2R. The
Helmholtz energy at separation r, A(r), is expressed as' 83 "
A(r) = A" (r) + A(Ap) (7-16)
where Ae is the surface excess free energy, which accounts for any perturbation in the
polymer structure on the SWNT surface. A(Apu) accounts for the differences in chemical
potential, pu, for the solvent and/or polymer in the bulk solution and the overlap region
(the space between the two SWNT).
As a starting point, the superposition approximation 84 is used to calculate Ointrep
This case allows for a relatively simple calculation, and will yield an analytical solution
for the system. This approximation assumes that the polymer volume fraction, or density,
as a function of distance from the SWNT surface is unperturbed when the SWNT
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approach each other. In other words, the polymers are rigid. If no perturbation of the
polymer volume fraction occurs, the Aex term is zero. Since there is no polymer
perturbation, there is no exchange of polymer particles between the bulk and the overlap
regions, so the chemical potential of the polymer also does not change and the polymer
contribution to A(Ap) is zero. The change in pintPrep for an incremental decrease in
interparticle distance, 6r, is then a function of the incremental number of solvent
molecules, 8nl that gets transferred from the region occupied by the polymer layer on
SWNT to the bulk. In other words, the osmotic pressure from the solvent is responsible
for the repulsive energy between the polymer-SWNT. The subscript 1 refers to solvent
molecules, while the subscript, 2 refers to polymer molecules. As the distance between
the two polymer coated surfaces decreases incrementally, 6n¢ molecules of solvent are
displaced from the region between the SWNT to the bulk solvent.
9 "reP = -26ni[ , (r) - u'k] (7-17)
Where
n = AS (7-18)
V1
The 2 accounts for both of the polymer coated surfaces that are approaching each other.
The term As is the surface area of one SWNT, 21/2(2R)2, and vl is the molecular volume
of the solvent. The expression for the repulsive interparticle energy then becomes:
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2A r/2- 
"int're(r) b z (7-19)
V1  r/2-R+h
The z term is a dummy variable, with distance units, that has integration limits that
represent the surface-surface distance between SWNT, and are a function of the center-
center distance between the SWNT, r. The h term in the upper limit refers to the height
of the polymer layer extending from the SWNT surface. The upper limit is one half the
surface-surface distance between the SWNT, while the lower limit is the aforementioned
quantity plus the polymer height, which accounts for the solvent displaced by the
polymer layer on SWNT.
As described in chapter 6 section 1, the polymer height is a function of the
phenoxy composition of the dextran. The picture is one of the phenoxy groups providing
the adsorption sites for the polymer to stick to the SWNT, while the hydrophilic polymer
sections between the phenoxys extend into solution in a loop-like configuration.
Assuming the phenoxy groups are evenly spaced along the polymer chain, as the phenoxy
content increases, the spacing between phenoxy groups decreases, as shown in Figure
7.2a. While the phenoxys can bind strongly to SWNT, realistically not every phenoxy on
a chain will adsorb to the SWNT. The chains can adsorb to SWNT with between 1 and
np (number of phenoxys per chain) phenoxys on the SWNT surface. For chains that
adsorb with < np phenoxys on the SWNT, the polymer can adopt configurations with
long tails and loops which contain one or more phenoxy groups extending into solution
(Figure 7.2b). Despite the formation of various sizes of tails and loops containing
phenoxys, the net trend is a decrease in polymer height with increased phenoxy content
for a given dextran chain length, since an increase in hydrophobicity of the chain
128
increases chain shrinking in aqueous solution, and the minimum loop height at high
phenoxy is lower. Similar to the concept of using mean field theory, in this model one
effective polymer height, h, for a given polymer species is used to represent some mean
height for the various polymer segment lengths extending from the SWNT surface. The
effective polymer height is proposed to be some function of the length of the chain
between two phenoxy groups.
no =
Ln, = LFl3
b)
No Phenoxys in
Loops
Tails
np= 3 np= 5
S h =func rL
(n)
np= 7
p ~
a 0 Phenoxys in
Loops
Figure 7.2 Illustration of the decreasing polymer height with increasing phenoxy content of the
dextran. a) As the phenoxy content of dextran increases, the distance between the phenoxy groups
decreases for a given chain length. The polymer height, h, is therefore proposed to be a function of this
spacing between phenoxy groups. b) For a given number of phenoxy groups per chain, np, the chain can
adsorb as 1. loops containing no phenoxy groups, 2. small loops and long tails, and 3. large loops
containing one or more phenoxy groups. For any given one of the 3 structures, h decreases with increasing
np.
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In order to determine the effective height of the polymer on SWNT for a given phenoxy
content and chain length, the following expression is proposed:
L,
h = fx L- x GluL (7-20)
np
Where Lp is the length of the entire polymer chain with units of monomers/chain, np is the
number of phenoxys/chain, GluL is the length of one monomeric unit (lattice unit
distance/ monomer), and p is the polymer extension coefficient, a fitting parameter to
account for the extent to which the polymer is stretched out away from the nanotube
surface. The 3 parameter is based on the extension of the average height for the various
random conformations of the polymer. The distance between phenoxy groups adsorbed
to SWNT can affect the polymer loop height (Figure 7.3a). Flexible polymer chains
(loops and tails) can fold and coil in solution, making the actual polymer height shorter
than the expected value (Figure 7.3b).
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b)
h, h2
Figure 7.3 Illustration of factors which cause the polymer height to be smaller than expected. a) An
increase in the spacing between the adsorbed phenoxy groups can cause a decrease in the polymer height.
b) Coiling and folding of the polymer tails and loops can result in a smaller than expected polymer height
on SWNT.
If /> 0.5, the long tails and loops containing phenoxy play a significant role in
determining the polymer height on SWNT. In this case the h value is greater than one
half the distance between two phenoxy groups (loop height for a fully extended polymer
chain) even in the presence of some random folding and coiling of the polymer. If /
<0.5, the coiling and folding of polymer is the dominating factor, significantly decreasing
the height of the polymer such that h is smaller than the loop height if the polymer were
fully extended. In the case of the phenoxy dextran in this system, / = 0.192±0.0001,
indicating that the degrees of coiling and folding of polymer dictate h, while the polymer
long tails and loops containing phenoxy do not play a significant role to increase the
mean polymer height of SWNT. The error was determined by fitting the three
independent experimental data sets by minimizing the sum of the least squares fit and
taking the standard deviation of the fits.
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The height of the polymer also determines the minimum distance between the
SWNT, and therefore plays a role in determining whether the short ranged attractive
potential will compete with the repulsive energy. When the % phenoxy becomes too
high, the height is too small and the polymer is sufficiently hydrophobic to prevent the
dextran coated SWNT from aggregating. The competition between attractive and
repulsive energy in the context of the polymer loop size is expected to play a role in
describing the main feature of the experimental data, namely the island of stability with
colloidal instability at the extremes of the % phenoxylation investigated.
The chemical potential of the solvent, ul, is calculated using mean field theory. A
detailed explanation for this Flory-Huggins theory calculation is in Fleer et a1183. Briefly,
the chemical potential of the solvent for this binary system (solvent and polymer only)
can be written as a function of the polymer volume fraction, (2.
S- -kT + ~d()22 -  )23 ... (7-21)
L 2 3
The pul represents the chemical potential of the solvent in pure solvent, Lp is the number
of monomers per chain, and Vd is the dimensionless excluded volume parameter, which
represents the amount of swelling or contracting experienced by the polymer when the
quality of the solvent deviates from "ideal". In an ideal or "theta" solvent, the polymer
has no interaction with itself and vd=O. In a "good" solvent, vd>O and the polymer tends
to swell due to its favorable interaction with the solvent. In a poor solvent, vd<O due to
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the unfavorable interaction between the polymer and the solvent. vd is related to the
Flory-Huggins parameter, X, through the expression
ud = 1- 2X (7-22)
The Flory-Huggins parameter, X, is defined as the energy change (in kT units) to transfer
a polymer segment from pure polymer into pure solvent. This parameter is a measure of
the mixing between the polymer and the solvent. A small x indicates a low energy
change to place the polymer into solvent, and good mixing between the two molecule
types. The introduction of phenoxy groups to the dextran chain increases the
hydrophobicity of the dextran, and decreases it miscibility with water. The X parameter is
therefore expected to increase with an increase in the phenoxy content of the dextran.
Although group contribution methods 185 have been introduced to calculate X, these
methods are often inaccurate for predicting the behavior of polymers with intramolecular
hydrogen bonding, as is the case for dextran. According to Fedors group contribution
methods, XDext is 0.425, while XPhen is 3.61. Given the known inaccuracy of the group
contribution methods for the phenoxy dextran, XDext and XPhen are treated as fitting
parameters, and used to determine the overall X of a species of dextran using the
following expression:
Z = (1- YPhen )XDext + YPhenZPhen (7-23)
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Where YPhen represents the volume fraction of one polymer chain that is occupied by
phenoxy. The x parameters of dextran (DexDt) and phenoxy (XPhen) are found to be
0.4+6.9x10 -6 and 0.465+8.1x10-6 , respectively. The error was determined by fitting the
three experimental data sets by minimizing the sum of the least squares fit and taking the
standard deviation of the fits.
For a given value of X, the bulk chemical potential, plbulk, is a constant value,
since the volume fraction of polymer in the bulk is assumed to be constant. The chemical
potential in the region between the SWNT, u, can be calculated if the volume fraction of
the polymer, p(z), is known as a function of distance from the SWNT surface. The
polymer volume fraction profile, p(z), outlined in section 7.2.5 is calculated at multiple
values of z distance and solved numerically, rather than an analytically, so the repulsive
interaction energy is also solved numerically. In order to solve for the chemical potential
and repulsive energy between two dextran-SWNT, the polymer volume fraction profile,
qp(z), is needed.
7.2.5 Polymer Volume Fraction as a Function of Distance from SWNT Surface
The next part of the model involves the calculation of the volume fraction profile
of the polymer, qp(z), as a function of distance from the nanotube surface. The polymer
volume fraction profile was calculated using a model by Wijmans et al for a highly
curved cylinder with polymers grafted to the surface in a brushlike configuration.
Therefore, the volume fraction profile is a function of the surface grafting density of the
polymer. Here the assumption has been made that the surface grafting density, calculated
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using the adsorption isotherm explained in section 7.2.6, represents the amount of
polymer that has been irreversibly adsorbed to the SWNT surface, and the surface
volume fraction remains constant throughout the collision between SWNT.
The volume fraction profile of the polymer is calculated using a model by
Wijmans et alloldescribing a cylinder with a high degree of curvature, which is the
precise geometry of a carbon nanotube. In this model, the polymers are permanently
affixed to the surface at one end, and the free ends all extend to the same height, h, so that
the surface resembles a brush. The loop-like structure of dextran which was proposed is
therefore modeled like brush bristles. This model uses a lattice based mean-field theory.
The details of the Wijmans model are not shown here, but the basis for the polymer
profile is an energy balance over the grafted polymer chain. The sum of the elastic chain
stretching contribution to the free energy, Aet, and the free energy component from
mixing of the grafted chains with the solvent, A,mix,, is minimized using the method of
Lagrange multipliers.
3a 2 dz
Ael - d
A 2n (z + R (z) (7-24)
Amix f dz[V(9 2 (z) + w( 3 (z)k27(z + R) (7-25)
where a is the length of a lattice unit, in this case, the cube root of the volume of one
water molecule, fd is the number of grafted chains, h is the polymer height on the surface,
R is the radius of the cylinder, u=0 .5-x is the excluded volume fraction, and w=1/6 is a
135
virial coefficient from Flory-Huggins theory. The final expression for the polymer
volume fraction profile is
9 2,good(z) = r4 )Y zR (7-26)
for a good solvent, which is the case for dextran in water. The calculation of the grafting
density, a, is detailed in section 7.2.6.
7.2.6 Polymer Adsorption from Bulk Solution onto the SWNT Surface
The amount of dextran which adsorbs to the nanotube surface is one of the key
factors which affects the colloidal stability of the dextran nanotube system. The phenoxy
content of the dextran plays an important role in both the ability of the dextran to adsorb
to SWNT, and the solubility of the dextran in water. In this part of the model, the surface
volume fraction of the nanotube which is occupied by dextran is determined for a given
bulk concentration of the nanotubes and the dextran chains. Since the aromatic groups of
the phenoxy side chains can pi-stack with the SWNT28, an increase in the phenoxy
content is expected to likewise increase the polymer surface volume fraction on the
surface.
In order to describe the adsorption of various species of dextran, differing only in
phenoxy content, an isotherm was developed for this unique system. The picture is one
of phenoxylated dextran adsorbing through pi-pi stacking between the aromatic group of
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the phenoxy, and the SWNT surface. The polymer chain adsorbs reversibly from bulk
solution first at one phenoxy point. Other sections of the chain can adsorb reversibly to
the SWNT, one phenoxy at a time with a maximum of all the phenoxy groups adsorbed
to the SWNT. Therefore, for a dextran species with np phenoxy groups / chain, the
polymers can be adsorbed with 1, 2, 3, ..., np phenoxy groups pi-stacked on the SWNT
surface. At equilibrium, a mixture of all of the 1 to np phenoxy adsorption configurations
is present. An illustration of these adsorption steps is shown in Figure 7.4.
K3J
Figure 7.4 Illustration of the adsorption of a polymer chain from bulk solution to the SWNT surface.
A polymer chain adsorbs to the SWNT via pi-pi stacking of one phenoxy group on the SWNT, at first.
Another section of the chain can adsorb through pi-pi stacking of a second phenoxy on the SWNT. The
chain can continue to adsorb until all of the phenoxy groups on the chain have adsorbed onto the SWNT.
The derivation of the isotherm is as follows. A dextran chain from bulk solution adsorbs
to the nanotube according to:
[A 0] = KI[Ao] (7-26)
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where [AIO] is the concentration (mole/cm3) of chains which is adsorbed with one
phenoxy group, [A] is the concentration of polymer chains that are free in solution at
equilibrium, [0] is the concentration of unoccupied SWNT sites in solution at equilibrium,
and K1 is the equilibrium constant for the adsorption of one phenoxy group. A second
phenoxy group on the chain can adsorb according to:
[A20]= K2 [A1IO[] = K2K, [A]] 2  (7-27)
where [A20] is the concentration of chains that are adsorbed with two phenoxy chains,
and K2 is the equilibrium constant for the reversible adsorption of the second chain.
Likewise, a third phenoxy group can adsorb according to:
[A30] = K3 [A2 o][]= K3K 2 [AO][O]2 = K3K2K, [A[] 3 (7-28)
So the Nth group, where N = np, adsorbs according to:
[AN,] = KNKN,_ x ...x K 3K2K1 [AIO]N (7-29)
After the first phenoxy group has adsorbed to the SWNT with equilibrium constant K1,
the entire chain has lost some amount of conformational entropy. Therefore for the
additional phenoxys that adsorb, the equilibrium constant is decreased by some factor, a,
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which accounts for the entropic penalty from the chain being tethered to the SWNT at
one end. That is:
K 2 = K 3 =... = KN = aK 1  (7-30)
The value of a was treated as a fit parameter, and determined to be 0.91. One additional
fit parameter was required to account for any polymer interactions, such as polymer-
polymer and polymer-dialysis membrane interactions which would prevent the polymer
from adsorbing freely to the SWNT. The value of this parameter is 0.5. The value of K1
is a fit parameter and has a value of 8x108 4x107 cm 3-mole. The error was determined
by fitting the three experimental data sets using the method of least squares and taking
the standard deviation of the fits. Equation 7-29 can then be re-written as:
[ANO]= 0.5aN-'K,N[AIO] (7-31)
The fraction of occupied sites on the surface of the SWNT can be calculated by coupling
a binding site balance and a polymer balance. The total number of binding sites, [OT], in
mole/cm 3 is calculated based on the carbon concentration in solution, which is
determined to be 1.67x10-6 mole-cm 3 using UV-vis adsorption according to the methods
outlined in section 2.4. In order to pi-stack with the phenoxy groups, six carbon atoms
are needed in per binding site and one tenth of those carbons are estimated to be available
for binding. Therefore the total number of binding sites, [OT], is equal to 2.78x10-8 mole-
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cm3. The site balance equates [OT] to the sum of the occupied and unoccupied sites
according to:
N
ST= [A19]+ 2[A20]+ 3[A 30]+...+ N[ANO]+ [o]= [.5ia''K,' [AIO]' ]+O (7-32)
i=1
The polymer balance combines the concentrations of free chains and bound chains to
equal the total concentration of polymer chains in the system:
[Ao]= [Ao]+[A20]+ [A30]+.... [ANO]+[A]= Z[0.5a'-'K,'[AIo9]]+[A] (7-33)
i=1
Equation 7-33 can be rearranged to obtain an expression for the equilibrium
concentration of free polymer chains, [A], as a function of the initial concentration of
polymer chains, [Ao], the equilibrium concentration of unoccupied sites, [0], and the
equilibrium constant.
[A]=[A (7-34)
[0.5a''K1 ' 9 i]' +1
i=1
Equation 7-34 can be substituted into the site balance and rearranged to obtain the
objective function
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[ 0.5 ia'-'' [Ao]- 0.5a'K, ' [OT ]) + [0.5ai-2K'-1O' + ] - T = 0 (7-35)
i=l i=2
The objective function reduces to a polynomial in 0, with exponents from 1 through N+I,
and can be solved using Matlab's roots function. The fraction of occupied binding sites,
k, can be calculated using:
A -= (7-36)
0T
The k fraction represents the area occupied by polymer divided by the total area
occupiable by polymer. However, the grafting density, a, which is needed to calculate
the polymer volume fraction profile, represents the fraction of total SWNT area which is
occupied by the polymer. According to well established previous polymer models 89,186-
188, the total number of binding sites changes with the species of polymer, even though
the total adsorption surface area is constant. Therefore the area occupied by the total
number of binding sites, OT, is clearly only a fraction of the total SWNT surface area in
the system. Therefore, in order to determine the grafting density, k is multiplied by a
factor, carea, (fitting parameter) to scale the total area that is occupiable with binding sites
relative to the total surface area of the SWNT. The value of this factor is determined to
be 0.62396. Therefore the grafting density, a, of the polymer, which is the fraction of
surface area on the SWNT which is occupied is:
r = carea x A (7-37)
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The grafting density is used to calculate the polymer volume fraction as a function of
distance from the SWNT surface, as discussed in section 7.2.5.
7.3 Discussion of the Comparison of Model with Experimental Work
7.3.1 Results of the Model
The completed model was used to calculate the % of the original SWNT that
remained colloidally stable with the adsorption of a given species of dextran. The %
suspended was calculated as a function of % phenoxy and dextran / SWNT ratio at the
same conditions examined for the experimental work in chapter 6. Contour plots of the
calculations from the model and from the experimental data for the 10kD dextran are
compared in Figure 7.5. Both plots have the z axes scaled from 0-22% SWNT suspended
from the original cholate SWNT solution.
The model is able to describe the presence of an optimum % phenoxy for
suspending the SWNT in solution. The model also predicts a maximum colloidal
stability at 11.8% phenoxy, which is consistent with the experimental data. The location
of the stability maximum in terms of % phenoxy does not change significantly with the
dextran / SWNT ratio. As with the experimental results, the model also predicts that
there is not optimal dextran / SWNT ratio, but rather, % SWNT suspended will only
decrease with this ratio. Furthermore, the predicted maximum amount of suspended
SWNT, which is 22% of the original cholate SWNT solution, matches closely with the
experimental value of 23% suspended. Overall, the size and location of the region of
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stability matches with the experimental results. The 2D plots of the % suspended as a
function of % phenoxy are also shown in Figure 7.6 for the four highest dextran / SWNT
ratios along with the experimental data, so the error bars can be shown.
The model is able to fit the data well with only the six fit parameters shown in
table 3.
Table 3: The fit parameters used in the model. All of the fit parameters used in the model are
summarized below.
Parameter Description Section
P Polymer extension parameter adjusts polymer height, h 7.2.4
XDext Flory-Huggins interaction parameter for dextran 7.2.4
XPhen Flory Huggins interaction parameter for phenoxy 7.2.4
K1  Equilibrium constant for adsorption of one phenoxy on SWNT 7.2.6
a Entropic penalty to adsorb each additional phenoxy onto SWNT 7.2.6
Carea Fraction of total SWNT area that can by occupied by polymer 7.2.6
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Figure 7.5 Comparison of the model with experimentally determined % SWNT suspended. The % suspended is
shown as a function of phenoxy composition of the polymer and dextran / SWNT ratio in the system for the 10kD
dextran. The model fits the experimental data well.
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Figure 7.6 Comparison of the model with experimentally determined % SWNT suspended at
constant dextran / SWNT ratios. The % suspended is shown as a function of phenoxy composition of the
polymer for the 10kD dextran for the four highest dextran / SWNT ratios, which have the highest colloidal
stability.
In light of the error bars, the model describes the experimental findings well.
The % suspended was also studied as a function of the dextran / SWNT ratio. The %
suspended was found to increase with a shape that is indicative of the isotherm used. The
calculated % suspended values are compared to the experimental measurements (Figure
7.7) for the three % phenoxy values which have the highest stability for a given dextran /
SWNT ratio, and therefore the most reliable experimental measurements.
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Figure 7.7 Comparison of the model with experimentally determined % SWNT suspended at
constant % phenoxy of the dextran. The % suspended is shown as a function of the dextran / SWNT
ratio for the 10kD dextran for the three phenoxy compositions with the highest colloidal stability. The
model predicts the 11.83% phenoxy well. The model underestimates the % suspended for the 9.55 and
13.67% phenoxy, but the fit is mostly within the error of the measurement.
The model predicts the 11.83% phenoxy data very well. While the model underestimates
the % suspended for the 9.55 and 13.67% phenoxy, the fit is within the error of the
measurement on the whole.
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7.3.2 Analysis of the Model Applied to Other Dextran Lengths
In chapter 6, the % SWNT suspended by different compositions of polymers were
studied for dextrans with unfunctionalized molecular weights of 10, 70, and 500kD (see
Figure 6.6). For all three dextran lengths, there was a clear optimal phenoxy content for
maximizing the amount of SWNT that is colloidal stabilized in aqueous solution. In all
three instances, this optimal polymer composition remained largely the same, with 10 to
12% of the monomers phenoxylated. The height of the polymer on the SWNT surface, h,
dictates the collision distance between two polymer coated SWNT, which is also the
minimum distance between these two molecules. The decrease in polymer height is
responsible for the decreasing colloidal stability of the SWNT at phenoxy compositions
higher than the optimum, despite the increasing affinity of the polymer for the SWNT. In
this high % phenoxy region, the relative decrease in the colloidal stability is the same for
all three lengths of dextran, indicating that there is little dependence of the polymer
height on the dextran chain length. Indeed the expression to describe the polymer height,
shown below from section 7.2.4, includes the polymer chain length, Lp, but is not
controlled by it.
L
h = px - x GluL (7-20)
np
The chain length, in monomers per chain is normalized by the number of phenoxy groups
per chain, np, so the operative distance is actually the distance between phenoxy groups,
which is the same for a polymer of any length for a given % phenoxy.
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According to the model's isotherm, shown in Figure 7.4, the polymers can adsorb
with 1 to np phenoxys on the SWNT at any given time, most likely resulting in some free
polymer tails that can extend into solution. Experimentally, tail effects do not appear to
play a strong role at high % phenoxy since the loss of SWNT stability occurs at
approximately 14-15% phenoxy composition for both the 10 and 500 kD dextran. (For
70kD dextran, the loss of stability at higher % phenoxy is most likely an experimental
artifact, see Figure 6.7.) Any tails at high % phenoxy are likely to shrink in aqueous
solution due to the large number of hydrophobic phenoxy groups on the chain, which is
accounted for by the Flory-Huggins parameter, x, which increases with phenoxy content
according to equation 7-23. The result of a tail with decreased height is a reduction, or
even elimination of the steric hindrance, which is one component that prevents the
SWNT from sticking together.
At % phenoxy lower than the optimum, the onset of the region of SWNT stability
begins at a lower phenoxy composition for the 70 and 500kD than for the 10kD dextran.
This increased stability at low phenoxy could be a function of tail effects for the longer
polymer chains, which the current model would not explicitly take into account.
However, the earlier onset of SWNT stability for the 70 and 500kD phenoxy-dextran
might also be caused by other factors, such as the grafting density of the polymer on the
SWNT surface, a. The grafting density, a, controls the polymer volume fraction profile
as a function of distance from the SWNT surface, and therefore the amount of solvent
expelled by the approach of two polymer-coated SWNT. For a given polymer height, as
the polymer density (or volume fraction) increases, the SWNT repulsion and tendency
toward colloidal stability increases. In short, a is a key factor in determining the
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repulsive energy between two dextran-SWNT. Previous work by Stuart et al, discussed
the effects of polymer length on the adsorption isotherm of the polymers 186. This study
and others9,'187,188 reported that the total number of binding sites increases for longer
polymer strands. Applied to the range of polymer lengths studied here, the total number
of binding sites, OT, can increase up to 10% for the longer dextrans. This increase is
significant considering the model predicts that 11.8% phenoxylated dextran (10kD) with
a = 0.6214 has a % SWNT suspended of 22.8%, while the same dextran with a = 0.6056
has a % SWNT suspended of only 0.48%. The increased OT for longer polymer chains
translates to a higher surface coverage of the SWNT. For a given dextran-phenoxy
composition, a denser coating on the SWNT would result in higher colloidal stability.
Each % phenoxy should have a critical grafting density which would result in colloidal
stability. This picture is consistent with the 70 and 500kD dextran forming a layer on the
SWNT that is denser than the critical a while the 10 OkD dextran layer has a < ocritical at a
given low phenoxy. In this situation, the onset of stability would occur at lower phenoxy
for the 70 and 500 kD dextran than for the 10kD dextran.
The grafting density has important implications with respect to the effects of
polymer length on the overall % SWNT suspended. In the experimental work, the 500kD
dextran is observed to suspend the most SWNT as compared to the other two dextran
lengths, given the same phenoxy composition and concentration in solution, as shown in
Figure 6.8. The aforementioned trend of increasing OT with polymer chain length is most
likely responsible for the overall increased % SWNT suspended observed for the 70kD
compared to 10kD, and for 500kD compared to 70kD. As the total number of binding
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sites and surface coverage increases, the overall repulsion will also increase, as well as
the SWNT colloidal stability.
7.4 Design Rules Based on the Model Results
7.4.1 Parameter Sensitivity
In order to evaluate which parameters should be varied in the design of future
polymer-nanotube systems, the sensitivity of the model to the major fit parameters, K, ,
and , was computed. The value of each parameter was varied and the % SWNT
suspended was calculated using the model for the 10kD Dextran with 11.8% phenoxy at
25581 mole Dextran/ mole SWNT, which represents the polymer species and conditions
yielding the highest % SWNT suspended. Figure 7.8 shows the model sensitivity to the
equilibrium constant, K/, the polymer extension coefficient, /, and the Flory Huggins
interaction parameter, X. The three data points shown in pink represent the optimal
values for the parameters according to least squares fitting.
Part a shows the increase in % SWNT suspended as the value of the equilibrium
constant, K1, is increased. Although, K1, has a rapid initial increase, the % suspended
saturates at approximately 32% as K1 increases above 5x10 9 M-1. The model is therefore
insensitive to K1 for values larger than the optimum, even though the model is sensitive
to K1 at values below the optimum. Considering the 32% suspended saturation point, the
K1 parameter would not be a good candidate to change experimentally for the purpose of
maximizing SWNT suspension.
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Figure 7.8 Model Sensitivity to K1, 1, and X for 10kD Dextran with 11.8% phenoxy at 25581 mole
Dextran / Mole SWNT. The three data points shown in pink represent the optimum values using in the
model. The optimal values with the error bars are shown for each of the parameters. a) An increase in the
equilibrium constant for the polymer adsorption isotherm, KI, causes an increase in the %SWNT suspended,
but the maximum suspension saturates at - 32%. b) As the polymer extension coefficient, 3, increases,
the % suspended increases and approaches 100%. c) The Flory Huggins interaction parameter, , appears
to increase rapidly up to 100% when X > 0.4, but this increase is actually an artifact indicating that the
model is reaching the limit of validity.
Part b shows that the model predicts a continuous increase in the % suspended as
the polymer extension parameter, 3, is increased. According to the model, the
maximum % suspended that can be reached by increasing P approaches 100%. The
model is very sensitive to P and given the potential to suspend all the nanotubes, future
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design of polymers to suspend SWNT should be targeted at maximizing 3, which is a
material property of the polymer backbone.
Part c shows the model's predicted % SWNT suspended for the overall x value.
The model appears to suggest that as X increases beyond 0.4, the % SWNT suspended
increases rapidly to 100%. However, this trend is actually an artifact of the model. The
polymer volume fraction, p, is an inverse function of the Flory Huggins second virial
coefficient, v. In other words, p is a function of (0.5-X)- according to equation 7.26.
Clearly, according to this expression, the model becomes mathematically invalid at X >
0.5. Furthermore, Flory Huggins theory categorizes a polymer with X 2 0.5 as a polymer
that is not well solubilized. Since Flory Huggins theory is not exact, the onset of
insolubility could start earlier than X = 0.5. A polymer that is itself not soluble in
solution would not realistically be able to colloidal stabilize SWNT either. Therefore, the
apparent steep increase in colloidal stability after y = 0.4 is actually an indication that the
model is reaching the limit of validity, rather than giving a % suspended that could be
observed experimentally.
7.4.2 Effect of Parameters on Region of Colloidal Stability
The experimental and model contour plots for % SWNT suspended as a function
of Mole Dextran / Mole SWNT and % Phenoxy show a distinct region or "island" of
colloidal stability. The previous subsection showed the model's sensitivity to Ki, , and
, at one point on the contour plot. In this subsection the effect of the parameter value on
the entire island is shown at higher and lower parameters values than the optimum.
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Figure 7.9 shows the effect of the X value on the entire island.
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Figure 7.9: Island of SWNT stability does not change much with X. The island of stability is compared
between optimal X and X values which are higher and lower than the optimal. a) An increase in the x value
causes the whole island to "rise", suspending a higher % of SWNT as compared to the optimum. However,
the shape, size, and distribution of the areas of stability do not change relative to each other compared to
the optimum. b) A decrease in the X value causes the whole island to "sink", suspending a lower % of
SWNT as compared to the optimum. However, the shape, size, and distribution of the areas of stability do
not change relative to each other compared to the optimum.
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The y value in this case is for the overall Flory-Huggins interaction parameter of the
polymer, which varies in value for the data shown in Figure 7.9, since X is a function of
the phenoxy content, as shown in equation 7-23. While x varies, the values of XDextran and
XPhenoxy are constants. The contour plots in Figure 7.9 show the effect of scaling the
optimal % suspended value by 1.0025 and 0.0095. Therefore, the ratio of XDextran to
XPhenoxy is kept constant. Figure 7.9a shows that an increase in z causes a clear increase
in % suspended for all of the data points in the contour plot. The maximum % suspended
increases from 23 to 36 % suspended, and the other points increase the same amount
relative to the maximum point. Aside from the scale up of the % suspended, the island
does not appear to change significantly with an increase in Y. The size, shape, and
location of the island remain the same. Figure 7.9b shows that a decrease in x results in a
scale down of the entire island of stability. The maximum % suspended declines from
23% to 7.3%. As with and increase in y, the decrease of the value does not significantly
alter the size, shape, and location of the island.
Figure 7.10 shows the effect of the equilibrium constant, K1, on the island of
stability. In part a, the model calculations using the optimal K1 = 8x108 M-' are compared
with those when K1 = 2.6x10 9 M-1 value. The width and location of the island does not
change significantly. However, the island does elongate, extending to lower Dextran /
SWNT ratios. The maximum % suspended also increases from 23 to 30%.
A decrease in the KI value causes significant changes in the island of SWNT
stability. Figure 7.10b indicates that a change in K1 from 8x108 to 3.5x108 M' results in
a significant change in the size and location of the stability region. The entire island
shifts to the left, such that the maximum is at -9.5% phenoxy instead of 11.8% phenoxy.
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Figure 7.10: Island of SWNT stability changes with K. The island of stability is compared between
optimal K and K values which are higher and lower than the optimal. a) An increase in the K value causes
the whole island to "rise", suspending a higher % of SWNT as compared to the optimum. The island of
stability also extends into smaller Dextran/SWNT ratios. The width and location of maximum suspension
do not appear to change significantly. b) A decrease in the K value causes the whole island to "sink",
suspending a lower % of SWNT as compared to the optimum. The island of stability shrinks such that the
onset of instability occurs at a higher Dextran/SWNT ratio. The entire island also shifts to the left so
stability occurs at 2% phenoxy lower than the optimum.
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Both the onset and end of colloidal stability both occur at lower % phenoxy, with the
island maintaining roughly the same width as for the optimum K value. The onset of
instability occurs at a significantly higher dextran / SWNT ratio, making the island much
shorter in the vertical direction. The maximum stability also decreases from 23 to 12.4%
suspended.
The value of the polymer extension parameter, 3, also has a significant effect on
the island of stability. Figure 7.11 a shows that when P is increased from 0.192 to 0.199,
the island widens asymmetrically, extending further toward higher % phenoxy while
maintaining the same stability profile at low % phenoxy. The region of maximum
stability (shown in red) also extends further and asymmetrically, at higher % phenoxy.
The island also elongates, extending the region of stability to lower dextran / SWNT
ratios. As with K1 and X, an increase in the 3 value causes an increase in the %
suspended for all the data points. Specifically, the maximum % suspended increases
from 23 to 53%.
Figure 7.1 lb shows a significant change in the island as P is decreased from 0.192
to 0.175. As with the decrease in K1 , the island shifts to the left such that the onset of
stability occurs 2% phenoxy earlier than with P = 0.192. The island appears to widen a
little toward higher % phenoxy only, with the region of maximum stability (shown in red)
extending asymmetrically as well. The height of the island is also shortened, as the
SWNT become instable at higher dextran / SWNT ratios. The maximum % suspended
also decreases from 23% to 0.27%.
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Figure 7.11: Island of SWNT stability changes with P. The island of stability is compared between
optimal 3 and 3 values which are higher and lower than the optimal. a) An increase in the P value causes
the whole island to "rise", suspending a higher % of SWNT as compared to the optimum. The island of
stability also extends into smaller Dextran/SWNT ratios. The width and location of maximum appear to
extend out to higher phenonxy such that the island is slightly asymetric. b) A decrease in the P value
causes the whole island to "sink", suspending a lower % of SWNT as compared to the optimum. The island
of stability shrinks such that the onset of instability occurs at a higher Dextran/SWNT ratios. The entire
island also shifts to the left so stability occurs at 2% phenoxy lower than the optimum.
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7.5 Use of Alternative Isotherm for the Model
While the isotherm outlined in section 7.2.6 is a simple, yet effective model for
predicting the colloidal stability of nanorods, one of the major assumptions is that
phenoxy adsorption has no dependence on the location of the binding sites. In other
words, an additional adsorbing phenoxy group on a polymer chain is not required to
adsorb to an adjacent or even nearby binding site. Rather, the phenoxy can adsorb to any
binding site in the system even though the chain is already tethered to a nanotube. The
issue of binding site location can be addressed through multiple methods, including
complex statistical mechanics. Here, an alternative isotherm is developed to provide a
simple solution to the aforementioned issue. It is worthy of mention here that the
polymer height is also calculated differently, with a dependence on the polymer
adsorption isotherm. The isotherm is incorporated into the original model, replacing the
isotherm described in section 7.2.6. The resulting % SWNT suspended is recalculated
and a comparison with the experimental data is shown.
7.5.1 Development ofAlternative Isotherm
The alternative isotherm starts with a change in the definition of a binding site. In
this isotherm, each polymer chain adsorbs to one binding site on the SWNT surface,
rather than the assignment of one binding site to each phenoxy group as in the original
isotherm. This new definition of a binding site ensures that the polymer chain is modeled
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as one continuous molecule. Additionally, the area under a dextran backbone "loop" is
considered "occupied" because the loop blocks other molecules from adsorbing to that
area, even though the backbone is not in direct contact with the surface. The one site per
chain isotherm accounts for this blocked off area more effectively than the original
isotherm. This alternative isotherm still allows a given polymer species with total
number of phenoxy groups, np, to adsorb with multiple configurations, with the options
of 1, 2, 3, .., np phenoxys binding to the SWNT. However, each of these configurations
requires only one binding site per polymer chain. Therefore the steady state
concentration of polymer adsorbed with one phenoxy group on the surface, [A10], is
given by:
[A,O]= K, [AIO] (7-38)
where K1 is the equibrium adsorption constant for one phenoxy, [A] is the steady state
concentration of the free polymer chains, and [0] is the steady state concentration of the
free binding sites. In case of two phenoxys sticking to the surface, the adsorption is
stronger due to the additional anchor site, even though the adsorption still requires only
one polymer chain and one binding site. The adsorption of two phenoxys is treated as the
adsorption of a chain with one phenoxy, plus the adsorption of an additional phenoxy.
Therefore, the concentration of polymers adsorbed with two phenoxy groups is given by:
[A2 ] = K2[AlO9]= K, [A1o] = K,2[A][ (7-39)
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The adsorption of a chain with i phenoxys can then be generically expressed as:
[A,0] = KI' [AIO] (7-40)
The steady state free chain and unoccupied site concentrations, [A] and [0], can be
determined by combining a polymer chain site balance with a binding site balance. The
polymer balance is given by:
np
[A]o = [AO]+ [A] (7-41)
i=1
Where [A]o is the intial number of polymer chains in the system, and the summation
represents the steady state concentration of adsorbed polymer chains with 1 to np
phenoxy groups on the SWNT surface. The binding site balance is given by:
np
0, = [A,]+ 0 (7-42)
i=l
where OT is the total number of binding sites in the system. This alternative isotherm also
provides another method of calculating the polymer height extending from the surface. A
scheme, illustrating the polymer height using the new isotherm is shown in Figure 7.12.
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Figure 7.12: Alternative isotherm scheme. The new isotherm accounts for the adsorption of a polymer
chain to one continuous binding site. A given polymer species can adsorb with varying numbers of
phenoxy groups anchored to the SWNT as shown in parts a and b. Although the structure in part b has
more direct contact area with the SWNT than that in part a, the two polymer chains block the same area on
the SWNT surface, so eL is a constant. Here, Lp is the length of the polymer chain, hi, is the height of the
polymer when i phenoxy groups are adsorbed, and xi is half the distance between adsorbed phenoxy groups,
or the lateral distance between the adsorbed phenoxy and the end of the polymer tail.
Here, a given polymer species adsorbs to SWNT with multiple different
configurations as illustrated in Figure 7.12 a and b. The length of the backbone chain
extending from an anchored phenoxy group is expressed as Lp / (2i), where Lp is the
length of the polymer chain, and i is the number of phenoxy groups that are on the
surface. Depending on the value of i, the polymer extends into solution with a different
height, hi. In order to keep the model simple, a chain of specified length is assumed to
occupy the SWNT surface with a constant binding site area that has a length of OL. The
binding length, OL, can be divided into segments, xi, such that the distance between
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adsorbed phenoxy groups is 2xi, while the polymer tails extend laterally a distance of xi.
The length of xi can therefore be expressed as:
OL
i = (7-43)
2i
Treating the polymer loops as two adjacent right triangles with hypotenuses of
Lp/(2i), the polymer height can then be expressed as:
h= 2 2 =- LP -OL 2  (7-44)
Since a given polymer species can adsorb with multiple configurations, an
average height, h, is calculated for the species, and used in the model. The average
height is calculated using the following expression:
np
([A,] x h,)
h= ,= (7-45)
Z [AO]
i=1
where the summation is used to determine the average height based on the number of
polymer chains with a given adsorption configuration. The fit parameter values used in
this model were K1 = 22 M-1', OT = 33 sites / SWNT molecule, and OL = 83 lattice length
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units. The length of the 10kD dextran chain is 90 lattice length units, as determined using
the size of a glucose monomer.
7.5.2 Predicted Colloidal Stability Using Alternative Isotherm Model
The alternative isotherm was incorporated into the model, which otherwise
remained the same, and the % SWNT suspended was calculated as a function of mole
Dextran / mole SWNT and % phenoxy composition of the polymer. The resulting %
SWNT suspended is compared with the experimental measurements in Figure 7.13.
The alternative isotherm still leads to the prediction of a distinct island of
colloidal stability, as was seen in the experimental results. The maximum % suspended
predicted by the model is 23%, which is consistent with the experiments. The optimum
phenoxy composition for suspending SWNT at - 12%, is also described well using the
model. The width of the island, as predicted by the model, is reasonably close to the
experimentally determined width. While the model shows a definite decrease in the
colloidal stability as a function of Dextran / SWNT ratio, this decrease occurs more
gradually for the model than for the experimental data. Therefore the "island" predicted
by the model extends to a lower Dextran/SWNT ratio than the island shown in the
experimental data.
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Figure 7.13: Comparison of the alternative isotherm model with experimentally determined %
SWNT suspended. The alternative isotherm model predicts a distinct island of stability. The % Phenoxy
yielding the maximum suspension for the model is the same as that of the experimental data. The peak
widths are also consistent for the two plots. The alternative isotherm model predicts a higher than expected
SWNT stability with a decrease in the dextran / SWNT ratio.
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In order to compare the model and the experiments in the context of the
experimental error, the % suspended was plotted as a function of % phexnoy at constant
Dext/SWNT weight ratios in Figure 7.14.
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Figure 7.14: Comparison of the alternative isotherm model with experimentally determined %
SWNT suspended at constant dextran / SWNT ratios. The % suspended is shown as a function of
phenoxy composition of the polymer for the 10kD dextran for the four highest dextran / SWNT ratios,
which have the highest colloidal stability. The predicted location of the maxima, and peak widths are
consistent with the experimental data. As the dextran / SWNT ratio decreased, the peak heights were
predicted with less accuracy.
The plots shown in Figure 7.14b, c, and d indicate that the model predicts a higher
maximum colloidal stability than is actually experimentally observed. The discrepancy
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in stability also appears to increase as the dextran / SWNT ratio decreases, indicating a
lack of sensitivity of the model to the dextran concentration in solution at 12% phenoxy.
However, the model appears to match the experiments well at 14% phenoxy, regardless
of the dextran/SWNT ratio. At % phenoxy lower than the optimum, the model fits the
data reasonably well, since the experimentally measured colloidal stability is low.
However, Figure 7.14 indicates that the model consistently predicts a lower than expected
colloidal stability. In order to investigate this underestimation, the polymer height and
polymer grafting density on the SWNT were examined as a function of the % phenoxy of
the polymer. The alternative isotherm and the original model in section 7.2, were
compared by looking at the profiles for the polymer height, h, and the grafting density of
polymer on the SWNT surface, c, as shown in Figure 7.15.
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Figure 7.15: The polymer height and grafting density profiles as calculated using the alternative and
original isotherms. The calculated polymer heights for the original and new isotherm models match very
closely. While the range in grafting densities is very small for the original model, the new isotherm
predicts a sharp increase in the grafting density right before the optimum % phenoxy for SWNT suspension.
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Interestingly, the polymer height, as calculated using the new isotherm (eq. 7-45),
matches very closely with the original polymer height (eq 7-20), despite the fact that the
calculation of the original polymer height was independent of the isotherm. The grafting
density profile, however, is very different for the two isotherms. At optimal and high
phenoxy, the grafting density matches well between the two isotherms. However, at low
phenoxy, the new isotherm predicts a much lower adsorption of polymer than the original
isotherm predicts. The large range in grafting densities, as calculated from the new
isotherm, indicate a much higher sensitivity of the isotherm for the phenoxy content of
the polymer. The lower than expected % suspended predicted by the new model explains
the low grafting density which is observed at phenoxy compositions below the optimum.
The alternative isotherm provides a simple, yet effective way to predict the
colloidal stability of a suspension while accounting for the fact that the phenoxy units
connected to each other on the same dextran polymer backbone must occupy surface sites
that are in close proximity. Furthermore, the height of the polymer extending from the
surface is also directly linked to the adsorption isotherm. This model is able to predict
the presence of a distinct island of stability that is largely consistent with the experiment
results.
7.6 Verification that Estimated Polymer Height on the SWNT is Reasonable
Since the height of the polymer on SWNT is such a critical parameter to the
model, a second, independent model was used to check that the heights used in this
model are reasonable. Ploehn 91 uses a continuum version of self-consistent field theory
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to describe polymer adsorption to a planar surface. The Ploehn model (described in the
next subsection) was used to calculate the polymer volume fraction as a function of
distance from the SWNT surface to determine the predicted extension of the polymer.
One important difference between the model in this work and the Ploehn model is that
the Ploehn model assumes that every monomer has the same adsorption energy, which is
not actually true of the phenoxylated dextran. Therefore, the treatment of the polymer
extension height is very different between the two models. Nonetheless, a comparison
between the two models is useful to obtain a range for acceptable polymer extention
height. The expression used to calculate polymer height (7-20), and the Ploehn model
were applied to the dextran-SWNT system, and the extension length of the polymer was
compared for the 10, 70, and 500kD dextran at 6% phenoxy content.
The Ploehn model does not assume any specific conformation of the polymer on
the SWNT, and the model's focus is on the description of polymer from solution onto the
SWNT, and the ensuing polymer surface adsorption and volume profile from the SWNT
surface. For these profiles, a phenoxy content of 6%, with a surface volume fraction of
0.6 was applied to 10, 70, and 500kD dextran. The Flory-Huggins parameter was
x=0.52 2 , and the adsorption coefficients were XS,lkD=2.26, XS,70kD=1.43, and
XS,10kD=1.27. The polymer volume fractions are shown for the three lengths of dextran in
Figure 7.16.
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Figure 7.16: The polymer volume fraction profile of randomly adsorbed dextran to a planar surface.
The Ploehn model is used to determine the volume fraction profiles as a function of distance for a surface
volume fraction of 0.6. The longer dextran extends furthest and the shortest dextran extends the least. For
these profiles X=0 .52 2 , xS,10kD=2.26, xS,70kD=1.43, and xS,10kD=1.27. The revised model used a
polymer height of 1.39 nm on the SWNT surface for 6% phenoxy, which is consistent with extension of the
10kD dextran, and close to the extension of the 70kD extension according to the Ploehn model.
As expected, the longer dextran extends furthest and the shortest dextran extends
the least. The 10kD dextran extends approximately 1 nm, while the 70 kD extends 2.5
nm, and the 500kD extends 6.5 nm. The model described earlier in this chapter predicts
that for 6% phenoxy, the polymer height is - 2 nm. This height of the polymer on the
nanotube is consistent with the dextran extensions for the 10 and 70kD dextrans in the
Ploehn model. Therefore, the estimation of the polymer height on the surface is
reasonable.
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7.6.1 The Ploehn Model
Ploehn uses self-consistent field theory (continuum version) to model polymer
adsorption to a planar surface. Therefore, the nanotubes are treated as small planar
surfaces to obtain an estimate for the fraction of surface that is covered with polymer.
The following equation is solved in order to determine the surface coverage, oo:
o0Z2 -6F(Po0)= 0 (7-46)
This equation is based on an energy balance function combining the energy gained by
adsorbing the polymer to the surface (first term) and the energy preserved by maintaining
the polymer in solution (second term). The s variable is the adsorption coefficient of the
monomer, described as the energy required to replace a solvent molecule on the SWNT
surface with a monomer. The calculation of Xs and all other variables is shown in the
next subsection. The variable po is the fraction of the SWNT surface that is occupied by
the polymer and is equated to the grafting density a in the next section. The function
F(o) is defined as
F(q p - VAa + I [ ( In( 9)+ , ln(p )+ (O - (] (7-47)
F~)~ V,~P
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The first term comes from the mixing energy between the polymer and the solvent, while
the second term comes from the probability density of the polymer chain from statistical
mechanics. The term opb is the unitless volume fraction the polymer in bulk solution,
which is a measure of concentration of the polymer. The term Op, is not a single value but
rather a profile of values representing the volume fraction as a function of the distance
from the nanotube surface. In order to solve equation 7-38 above to determine the
surface volume fraction, the term (pp was substituted with (po. The Zp term refers to the
number of segments per chain, and the calculation is shown in the next subsection.
The first term in equation 7-2 represents the mixing energy and is defined as
VAa = ZP ln('P + V P I n s + V (p ~P )-(P b)2 ] (7-48)
where Vp is the molar volume of one polymer unit (cm3 mole1'), Vs is the molar volume
of the solvent, ps = 1- op is the local volume fraction of the solvent, psb is the volume
fraction of the solvent in the bulk solution, and X is the Flory-Huggins interaction
parameter. The solvent in the experimental system is IX Phosphate Buffer Solution,
which is modeled as simply water since the polymers and nanotubes are both uncharged.
Therefore the value of Vs is 18 cm 3 mole-'. The values of Vp and x are determined using
Fedors group contribution method'8 5, and the calculations are shown in the next
subsection.
171
7.6.2 Calculation of Variables
The adsorption coefficient, Xs, is the energy required to replace one solvent
molecule on the surface with a monomer. The term is defined as
ads adsu -u
= water monomer
Zs = (7-49)kBT
Where uads refers to the adsorption energy of water and the monomer on the nanotube
surface, kB is the Boltzmann constant, and T is the temperature. The implication is that if
Xs < 0, the monomer will not adsorb to the nanotube surface. The adsorption energy of
the water is estimated using the energy that is reported for water binding to graphene 8 9,
which is -15000 J mol-1. The adsorption energy for phenoxy is estimated using the
binding energy of benzene binding to graphenel 90, which is -18331 J mol'. In order to
get an estimate for the adsorption energy for the monomer, however, uads for dextran is
needed. While there is no reported value for the binding energy between dextran and
carbon nanotubes, graphene, and graphite, the upper bound of the value is less than -
18331 J molP', since dextran has lower affinity than phenoxy, and the lower bound is
comparable to the affinity of water. The term Xs does not account for entropic effects that
could prevent dextran from adsorbing even if uads of dextran has a larger magnitude than
that of water. Therefore, uad for dextran could be larger in magnitude than -15000 even
though unfunctionalized dextran does not adsorb appreciably to the nanotube surface.
Since the variability in phenoxy content of the dextran strands is central to the
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experimental work and therefore the model, a method is needed to estimate uads of the
monomer for a given % phenoxy content. This value is estimated using
ads 1l00x u + %phenoxyx ubeene
Umonomer - dextran benzene (7-50)
100 + %phenoxy
assuming that the phenoxy group as equally distributed between all of the monomers in
the chain to yield a mean adsorption coefficient. Since Xs is not actually known for a
given phenoxy content, the value is estimated with the caveat that it might need to be
allowed to float as a fitting parameter in the model.
The term Zp can be estimated using
bM eZ = b- (7-51)
M mC,
where b is the number of bonds per monomer, which is two in the case of dextran, Mp is
equal to the molecular weight of the polymer, MM is the molecular weight of the
monomer, and C. is the characteristic ratio of the polymer. The characteristic ratio is a
unitless measure of the stiffness of the polymer with a freely joined chain (completely
flexible) having a value of 1, but typical values are between 5 and 20183. While there was
no available value of C. in the literature for dextran, the value for amylose, a similar
polymer with glucose monomers, is191 5.4 to 7. Therefore, a characteristic ratio of 6 was
used in the calculations. The number of monomer units for an unfunctionalized dextran
is calculated from simple division of the chain molecular weight by the molecular weight
of one monomer. The molecular weight of a functionalized dextran is dependent upon
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the % phenoxylation of the polymer and the length of the chain. The molecular weight of
one dextran monomer without functionalization, MM, is 162.14 Da, while the molecular
weight of one phenoxy group, Mphenoxy, is 149.16 Da. The molecular weight of one
monomer for a functionalized dextran, MM, was taken as the mean molecular weight of
one unit, assuming the phenoxy groups are distributed evenly between each monomer.
Therefore the molecular weight of one polymer unit was calculated as
M = mono x mono Nphenoxy Mphenoxy (7-52)
mono
where Nmono and Nphenoxy are the number of monomers and phenoxy groups in one
polymer chain.
The value of the Flory-Huggins interaction parameter is calculation using the
Fedor's group contribution method 1'". According to this method
V (6 - , )2
X12 = (7-53)RT
where X12 is the Flory-Huggins interaction parameters for the polymer, denoted as 2, in
solvent, denoted as 1. The term V1 is the solvent molar volume, Si and 32 are the
solubility parameters for the solvent and for the polymer, R is the universal gas constant,
and T is the temperature. The solubility parameter is calculated from
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S=ECOH (7-54)
where EcOH is the cohesive energy, V is the molar volume, and F is the attraction constant.
The EcOH and V terms are calculated using values from the tables in Krevelen et al. 185
The bulk volume fraction of the polymer, ppb, is a measure of the concentration of
polymer in solution. The mole concentration of polymer in solution, [P], is known for
each of the experimental conditions, and the molar volume of the polymer, Vp, can also
be calculated using group contribution theory, so the volume fraction is simply
determined from
S=[P]V (7-55)
The bulk volume fraction of the solvent, OSb, can be determined from
bS = - b - os (7-56)
where ObSWNT is the bulk concentration of SWNT. The concentration of carbon in
solution can be determined from absorption spectroscopy (see chapter 6). Within each
suspension of nanotubes, there are a variety of tube diameters and lengths. For this
model, all tubes were assumed to have a diameter of 0.6875 nm and a length of 500nm.
The carbon density of nanotubes is 3.76x10 19 C m2 according to previous
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calculations 92 '193 . In each of the experiments the carbon concentration was maintained at
20 mg L1.
7.6.3 Polymer Volume Fraction Profile for a Planar Surface
In this method the polymer volume fraction can be calculated as an implicit
function of the distance from the surface, r, using the following equation which is
equation 25 from Ploehn et al
du
1o [24 uF (u )1  (
where F(u) is the same function as equation 7-2 in section 7.2.1 a. This function is solved
using composite Simpson's Rule in Matlab, yielding a table of values for r at a given pp,
rather than an analytical expression for the polymer profile.
7.7 Other Semiempirical methods
77.1 Model Using Grafting Density as a Fit Parameter
Before the development of the adsorption isotherm, detailed in section 7.2.6, a
simpler model was developed which used the grafting density, a, as a fit parameter. The
calculation of the % SWNT suspended, interaction energy, and polymer profile was
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identical to the forms in the final model, described in section 7.2. This model starts with
the assumption that a fixed density of polymer has already been grafted at one end to the
SWNT surface to yield the polymer profile as a function of distance from the SWNT.
Since the phenoxy groups are hydrophobic and are known to pi stack favorably on the
SWNT surface, the grafting density is expected to be related to the phenoxy content of
the dextran polymer. The height of the polymer on the nanotube surface is also expected
to be a direct function of the % phenoxylation. Assuming that each of the phenoxy
groups serves as an anchoring site on the SWNT, the polymer height is dependent on the
number of unfunctionalized dextran groups in between each of the phenoxy groups on the
chain. For the purposes of the integral limits in equation 7-19, to calculate the repulsive
energy, the polymer height, 5, used was 0.19 of the length of the chain in between two of
the phenoxy groups. Since the phenoxy groups are on the nanotube surface, the Flory
Huggins X parameter for the polymer extending away from the SWNT is that of pure
dextran, which is 0.425 according to group contribution methods. The model data is
shown with the experimental data points, including the error bars, comparing % SWNT
suspended in Figure 7.17. The fits are shown as a function of % phenoxy for each weight
ratio of dextran to SWNT, and are grouped by the dextran length. At low weight ratios,
the stability for all compositions of phenoxy is low. Therefore the fits as well as the
experimental data at these ratios do not follow a specific trend, but fluctuate near zero.
The fit of the 500kD dextran at 218 Dextran/SWNT ratio appears to have a maximum at
lower phenoxy than expected. This deviation can be attributed to the outlying point at
8% phenoxy, which is deemed to be an experimental artifact as supported by the large
error bars.
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Figure 7.17: The experimental data is compared with the model using grafting density as a fit
parameter. The grafting density of dextran on the SWNT surface was used as the fit parameter for the
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model at dextran lengths of 10,70, and 500kD. At low dextran/SWNT ratios, the colloidal stability is low
and therefore the fitted points fluctuate, but remain small in magnitude.
The revised model was also rendered as a 3D contour plot in order to give a
picture of the overall stability space for each dextran length. The normalized % SWNT
suspended is compared to show that the relative heights of the model and the
experimental data fit very well, as shown in Figure 7.18. The location of the maxima for
each of the three dextran lengths matches well, as do the shapes and sizes of the windows
of colloidal stability.
The unnormalized % SWNT suspended are also compared between the revised
model and the experiments. The 3D plots for the three dextran lengths in Figure 7.19 are
all shown on the same scale to allow for comparison of the behavior between the
different chain lengths. As expected, the 500kD suspends SWNT with the highest
stability and 10kD suspends with the lowest stability. The window of stability is also
considerably lower for the 10kD than for the other strands.
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Figure 7.18: Contour plots of the normalized % of suspended SWNT comparing the experimental
data with the model. The normalized % of suspended SWNT from the experimental data for the three
lengths of dextran (a-c) is compared with the normalized % SWNT as calculated from the revised model
(d-f). The grafting density was used as the fitting parameter for this model. The maxima of SWNT
stability matches well for the model, as do the windows of stability. The colloidal stability is examined as a
function ofphenoxy composition of the polymer and the polymer to SWNT ratio in the system.
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Figure 7.19: Contour plots of the % of suspended SWNT comparing the experimental data with the
model. The % of suspended SWNT from the experimental data for the three lengths of dextran (a-c) is
compared with the % suspended as calculated from the revised model (d-f). The grafting density was used
as the fitting parameter for this model. The magnitudes of the % SWNT suspended for the revised model
matches the experimental data well.
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The grafting densities obtained from the fits were examined to see if a direct
correlation could be made between the % phenoxy of the dextran, and the required
grafting density on the SWNT surface. Also a direct relationship was sought after to
enable calculation of the grafting density based on the polymer composition and bulk
concentration. The grafting density was found to change very little as a function of
dextran/SWNT weight ratio, as shown in Figure 7.20. At low ratios, the colloidal
stability is low, regardless of phenoxy content. Therefore the apparent low grafting
densities at low ratios can be attributed to error in fitting caused by the low stability.
These trends were studied at phenoxy contents of 8, 10, 12, and 14% because these were
the compositions which led to the greatest colloidal stability experimentally. Although,
the net colloidal stability does decrease with the dextran/SWNT ratio, the trend of
stability across the differing phenoxy compositions does not change very much with
decreasing dextran/SWNT ratio for a given dextran length. Therefore, the insensitivity of
the grafting density to this ratio is expected.
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Figure 7.20: The grafting density of dextran on the SWNT surface as a function of dextran/SWNT
ratio in solution. For a given composition of phenoxy dextran, the grafting density does not change
significantly at dextran/SWNT ratios greater than 50. At low concentration the fitted grafting density is not
very accurate since the % SWNT suspended is very low.
The overall colloidal stability was shown to be highly dependent on the phenoxy
composition of the dextran, and therefore the grafting density was also examined as a
function of % phenoxy. The grafting density was studied as a function of % phenoxy for
a given dextran length and dextran/SWNT weight ratio. At high phenoxy composition,
the grafting densities were found to increase linearly with the % phenoxy, as shown in
Figure 7.21.
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Figure 7.21: The grafting density of dextran on the SWNT surface as a function of phenoxy
composition of the dextran. For a given dextran/SWNT ratio in solution, the grafting density increases
linearly for phenoxy contents of 8% and up. The unfilled data points represent a %SWNT suspended of- 0,
and therefore fitting is less accurate. At low phenoxy, the grafting density does not follow the linear trend.
The cause of this deviation can be traced to the superposition approximation. See Figure 7.22.
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At the extremes of % phenoxy, there are unfilled data points which represent
conditions resulting in very low colloidal stability. Fitting is difficult at these points, and
therefore the grafting densities at these points is considered to have large error. One
unexpected result is the apparent upward trend of the grafting density at low phenoxy
content. The reason for this deviation can be traced back to the superposition
approximation which is used to calculate the repulsive energy between two polymer
coated surfaces (section 7.2.4). A diagram to illustrate this picture is shown in Figure
7.22. This approximation assumes that there is no energetic contribution due to polymer
deformation and compression as the two surfaces approach each other. In other words,
the polymer is rigid. Since the polymers are rigid, the collision distance between SWNT
is equivalent to the height of the polymer extending from the SWNT. Since the height of
the polymer on the SWNT is a function of the distance between the phenoxy groups, the
polymer loops extend much further at low phenoxy than at high phenoxy. In addition,
the curved geometry of the SWNT surface causes the polymer volume fraction to drop
off rapidly as a function of distance from the surface, as compared to a planar geometry.
Therefore, for two pairs of SWNT with the same grafting density, the pair with longer
polymer extension from the surface will have a further collision distance and a lower
apparent polymer density at this distance. A lower polymer density results in a decrease
in the amount of expelled solvent due to polymer overlap, and therefore a decrease in
osmotic pressure and the repulsive energy between the SWNT. Since the model
underestimates the repulsive energy (due to the superposition approximation) the required
grafting density in the model ends up being overestimated in order to fit the expected
repulsive energy.
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Collision distance for rigid polymers coating SWNT
Figure 7.22: The assumption of rigid polymers causes a deviation in the expected grafting density of
polymer. The superposition approximation, which is used to calculate the repulsive energy between
SWNT assumes that the polymers do not deform in a collision. Although the grafting density for these two
SWNT pairs is equal, the curved geometry of the SWNT cause the effective polymer density upon collision
to be smaller for long polymers than for short polymers, and for the real system with the flexible,
compressible polymer. The lower polymer density causes a smaller amount of expelled solvent, and
therefore a smaller osmotic pressure induced repulsion energy. For the low phenoxy (long polymer loops
and tails) dextran, the apparent grafting density is therefore higher than expected.
7.7.2 Model Fitting Grafting Density to a Linear Trend
Given the linear trend of the grafting densities at high % phenoxy, it was
proposed that the grafting density corresponding to the colloidal stability of the system
could be calculated through a simple linear relationship that is a function of the %
phenoxy, with a slope and y intercept specific to the length of the dextran and weakly
dependent on the dextran/SWNT ratio. Although the grafting density deviation appears
significant at low phenoxy, the % SWNT suspended is close to zero for these points, and
if the grafting density for these points is fitted to the linear trendline for mid and high
phenoxy, the resultant colloidal stability is not expected to change very much. The
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-0 e*
grafting densities shown in Figure 7.21 at - 8% phenoxy with filled data points
(indicating non-zero % SWNT suspended) are fitted using least squares to a linear
equation. The slopes and y-intercepts are listed in table 4.
Table 4: The slopes and y-intercepts used to calculate the grafting density based on the phenoxy
content of the dextran. These values are shown for a given dextran length and dextran/SWNT weight
ratio.
Dextran size (kD)
10
10
10
10
10
10
10
70
70
70
70
70
70
70
500
500
500
500
500
500
500
500
Wt Ratio
Dextran/SWNT
291
218
146
73
29
22
15
291
218
146
73
29
22
15
291
218
146
73
29
22
15
7
Slope
0.010599
0.010299
0.009498
0.011671
0.015149
0.014849
0.014949
0.012324
0.012322
0.012387
0.012458
0.012274
0.012417
0.012720
0.011024
0.009405
0.010411
0.010571
0.011161
0.011295
0.010839
0.010257
y-intercept
0.489708
0.492608
0.504363
0.479439
0.425514
0.429515
0.427515
0.480446
0.479832
0.478571
0.476250
0.477080
0.474500
0.468071
0.496943
0.510679
0.502821
0.499571
0.491607
0.489232
0.492393
0.498658
Using the slopes and intercepts from table 4, the grafting densities were recalculated
based only on the % phenoxy of the dextran chain, and the resulting % SWNT suspended
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were determined. The normalized % SWNT suspended for the three dextran lengths is
shown in Figure 7.23 next to the experimental data.
The window of stability for the 10kD dextran is very close to that of the
experimental data. There is a small peak which is located at a mid range dextran/SWNT
weight ratio, rather than at a high ratio. The % phenoxy location of this peak is
consistent with the experiment. Therefore, aside from the deviation in the expected
weight ratio location of the peak, the 10kD dextran fits well overall. The model fits
reasonably well for the 70kD dextran data as well. The peak tends to extend to a lower
than expected dextran/SWNT ratio, but the location of the maximum is at a % phenoxy
which matches well with the experimental data. The window of stability for the 70kD
dextran is slightly narrower than expected. On the left hand side of the stability
maximum, the model underestimates the stability due to the longer rigid polymer
tentacles, from the superposition approximation illustrated in Figure 7.22. From the
sigmas in Figure 7.20 it can also be seen that the fitted grafting density at 8% phenoxy
falls a little higher than the linear trendline formed from 10% phenoxy and greater. The
stability window on the right hand side ends a little earlier than expected.
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Figure 7.23: The normalized colloidal stability of SWNT calculated from the grafting density
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obtained from the linear fit. The grafting density was determined using a fit of the linear region of the
plots from Figure 7.21, and the normalized %SWNT suspended was re-calculated. The normalized % of
suspended SWNT from the experimental data for the three lengths of dextran (a-c) is compared with the
normalized % SWNT as calculated from the linear fit model (d-f). The maxima of SWNT stability matches
well for the O/ophenoxy. There is some variation in the % suspended with respect to the dextran/SWNT
ratio. There is also a little variation in the width of the window of colloidal stability. The window is a little
narrower, due to adherence of the grafting density to the linear best fit trendline.
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The reason for the narrow window appears to be the higher deviation of the
grafting density from the linear trend at the extremes of the phenoxy content studied. The
deviation can also be attributed to the lower stability, also observed experimentally,
which makes fitting more difficult and less accurate. The lower than expected % SWNT
suspended at 8% phenoxy is also observed for the 500kD dextran. This lower stability
can be attributed to the same causes as those influencing the 70kD dextran. The
maximum for the 500kD dextran is located approximately at the expected % phenoxy.
There is some deviation in the peak location in terms of the dextran/SWNT weight ratio,
but other than that, the model appears to fit reasonably well.
The unnormalized % SWNT suspended is also compared for the linear fitted
model and for the experimental data. The stability is shown in the unnormalized state to
determine how well the level of stability matches. The data are shown in Figure 7.24.
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Figure 7.24: The Colloidal stability of SWNT calculated from the grafting density obtained from the
linear fit. The grafting density was determined using a fit of the linear region of the plots from Figure 7.21,
and the %SWNT suspended was re-calculated. The % of suspended SWNT from the experimental data for
the three lengths of dextran (a-c) is compared with the % SWNT as calculated from the linear fit model (d-
f). The model overestimates the % SWNT which remain stable in solution, and the stability of the maxima
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for the 70kD dextran. Otherwise, the magnitude of the calculated values from the model follow the same
trends as the experimental data.
The experimental data are all scaled from 0 to 50, to accommodate the full range of
stability observed for the conditions tested (0 to 45%). The linear fit grafting density
model is found to overestimate the colloidal stability of the system, with a maximum
stability of 73%, rather than 45%. Therefore, the model data sets are all scaled from 0 to
80% SWNT suspended. Aside from the overall over estimation of the stability, the
model appears to be consistent among the three dextran lengths. When the 0 to 80 scales
is applied to all three data sets, the color and sizes of the stability ratios look very similar
to those of the experimental data. The maximum of the 70kD data is a little higher than
expected, relative to the 500kD dextran data. However, the model still predicts that the
500kD dextran suspended SWNT better than the shorter dextran chains, as is shown
through the experimental work.
77.3 Model Fitting Grafting Density to One Linear Trend for Each Dextran Length
The model was modified to see if just one set of fit parameters could be used for
each length of dextran. The grafting density, o, again, is postulated to be a simple linear
function of the % of monomers in the chain that are phenoxylated.
cr=ax(%phenoxy)+b (7-58)
194
Where b represents some baseline adsorption of dextran, and a accounts for the additional
adsorption due to the phenoxy groups. The a and b variables were used as fitting
parameters for the model to describe the experimental data at the highest concentration of
dextran studied, which was 5.82 g/L. The values of a and b are not expected to remain
constant for different lengths of chains since longer chains are known to adsorb to
surfaces with more affinity for a given monomer concentration in solution91.
Furthermore, for a given % phenoxy, a longer chain has more phenoxy groups/chain,
potentially allowing for better adsorption. Therefore, different a and b values were used
for the 10, 70, and 500kD dextran. For the 10kD Dextran, alo=0.0117 and blo=0.479,
while a70=0.01 2 7, b70=0.468, and a500=0.0108, and b50s=0.492.
The linear relationship between the grafting density and the % phenoxy are used to
calculate the % SWNT suspended, and this relationship works reasonably well to
describe the experimental results, as shown Figure 7.25 below. The experimental data is
shown with error bars in blue, and the model is shown in pink. The windows of stability
are a little narrower than expected for the 70 and 500 kD dextran, but the magnitude and
shape of the peaks match well.
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Figure 7.25: The experimental data is compared with the model using a linear fit to determine the
grafting density. The grafting density of dextran on the SWNT surface was fit to a linear trend with one
set of fitting parameters for each dextran length for molecular weights of 10, 70, and 500kD.
While the peaks are obviously a strong function of the phenoxy composition of the
dextran, the peak shapes do not change significantly with the ratios of Dextran/SWNT in
solution, as was observed in chapter 6 Figure 6.6. The % SWNT suspended appears to
decrease with the concentration of dextran, but the peak shape is essentially maintained.
As expected, the stability is improved with increasing dextran concentration in solution,
which is consistent with higher adsorption. The stability appears to increase more rapidly
at low dextran concentrations, and level off at the higher concentrations. Therefore, the
effect of dextran concentration on the colloidal stability can be described using a simple
Langmuir isotherm relative to the stability at 5.82g/L.
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K[Dext]%Susp = %SusP[5.82  X K[Dext] (7-59)SI + K[Dext]
Where K is an equilibrium constant and [Dext] is the concentration of dextran in g/L in
solution. The fitted K values for 10, 70, and 500kD Dextran are 1000, 2000, and 2500,
respectively. Using these simple relationships, the experimental data can be described
reasonably well, as shown in Figure 7.26 below.
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Figure 7.26: The Colloidal stability of SWNT calculated from the grafting density obtained from the
second linear fit. The normalized % of suspended SWNT from the experimental data for the three lengths
of dextran (a-c) is compared with the normalized % SWNT as calculated from the model using a linear fit
of the grafting density with one set of fitting parameters for each length of dextran (d-f).
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The maxima of SWNT stability matches well for the model. The windows of stability are
a bit narrow for the 70kD and 500kD dextran strands, but match well for the 10OkD
Dextran. The region of stability also extends a little further to low dextran/SWNT ratios
as compared with the model in all three cases. The colloidal stability is examined as a
function of phenoxy composition of the polymer and the polymer to SWNT ratio in the
system.
The model is also compared to the experimental data for the unnormalized %
SWNT suspended. The stability is shown unnormalized to determine how well the
magnitude of stability matches. The data are shown in Figure 7.27. The level of stability
matches well for the 10 and 70 kD Dextran, but is a little low for the 500kD Dextran.
While the linear fits of the grafting density fit the experimental results reasonably
well, they lacked a physical explanation beyond the mathematical fits. Therefore the
isotherm in section 7.2.6 was developed to give a physical picture of the adsorption of the
polymer.
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Figure 7.27: The Unnormalized Colloidal stability of SWNT calculated from the grafting density
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lengths of dextran (a-c) is compared with the % SWNT suspended as calculated from the model (d-f).
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7.8 Conclusions and Future Directions
This modeling work demonstrates the first description of single walled carbon
nanotube colloidal stability based on the adsorption of dextran polymer with varying
phenoxy content and chain length. The model is able to describe a clear island of
stability with dependence of the SWNT colloidal stability on the phenoxy content of the
polymer, as well as the dextran / SWNT ratio in solution. The presence of an
optimal %phenoxy for suspension of SWNT is clearly predicted, and the location of
optimum matches well with the experiments. The actual % SWNT suspended also
matches well for the model and the experiments.
Future work on this model can be directed at describing the conformation of the
polymer on the SWNT surface during the collision in more detail. A model which
accounts for polymer compressibility will also increase the accuracy of the repulsive
energy which allows for SWNT colloidal stability. This addition would add considerable
complexity to the model in terms of mathematics, and most likely numerical methods
would be required to solve for the interaction energy. The model could also be improved
with more experimentally determined information regarding the amount of polymer that
is actually adsorbed to the polymer surface. This polymer amount would allow for much
more accurate calculation of the grafting density of the polymer on the SWNT. The
model would also greatly benefit from more information regarding the critical SWNT
aggregate size which will remain colloidally stable. This model approximated that a
cluster of critical size would contain 5 SWNT or less to remain colloidally stable in
solution. The actual amount is not actually known at this time.
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This model is a demonstration that even with simple mathematical constructs for
the framework of the model, a reasonably accurate description of the experimental work
can be made. Although the current model provides a reasonable approximation, the
intent is that these phenomena will be of interest particularly to researchers whose
primary focus is on modeling; and in the future more detailed models will be constructed
to describe these phenomena.
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8 Conclusions and Future Recommendations
8.1 Conclusions
1. Individually dispersed single walled carbon nanotubes can be used as nanosensors
for the detection of DNA hybridization. The nanotube fluorescence energy
increases as a result of the hybridization, allowing for signal transduction of the
event.
2. The nanotube fluorescence modulation signal is steady enough to study the
kinetics and thermodynamics of the DNA hybridization.
3. The slow hybridization of DNA on SWNT, as compared to free DNA
hybridization, is caused by a thermodynamic barrier from the initial adsorption of
single-stranded DNA probe to the SWNT surface. This initial adsorption of probe
DNA interferes with the ability of the two complementary strands to freely
hybridize.
4. The DNA hybridization detection mechanism is sensitive enough to detect the
presence of a single nucleotide polymorphism in the otherwise complementary
DNA. This sensor does not work for every DNA sequence, so further work is
needed (see future recommendations).
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5. The adsorption of functionalized dextran polymer can be used to study the
interaction of flexible chain molecules with SWNT in a fundamental way.
Dextran functionalized to varying degrees with hydrophobic phenoxy adsorb to
SWNT with varying strength and conformation.
6. There exists an optimal phenoxy content of the dextran for adsorbing to and
colloidally stabilizing SWNT. The composition of phenoxy that results in the
highest level of colloidal stability is largely independent of the length of the
polymer chain.
7. A model has been developed which can predict the colloidal stability of the
SWNT, based on the phenoxy content of the dextran, and the concentration of
dextran in solution. This model includes an adsorption isotherm, a polymer
profile describing the density of the adsorbed polymer layer as a function of
distance, the calculation of the interaction energy between the dextran-SWNT,
and the rate of SWNT aggregation.
8.2 Future Recommendations
1. The DNA hybridization sensor can be improved by increasing the speed of the
detection. The thermodynamic barrier to hybridization might be reduced or
eliminated by adding a sequence to the probe DNA which serves as an adsorption
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site for the SWNT and which does not participate in the hybridization (see
conclusion 3).
2. In order to increase the utility of the DNA hybridization sensor, further work can
be done to make the sensor detect a wider range of DNA sequence pairs (see
conclusion 4). One means of achieving this wider applicability is to tune the
properties of the probe DNA such that it adsorbs to SWNT with only a monolayer
coverage.
3. Further experiments can be done to gather information about the amount of
dextran adsorbed to the SWNT surface and the actual surface coverage. This
information would help to improve the accuracy of the model, and ground the
model in experimental evidence.
4. Further experiments and calculations can be done to determine the maximum size
a nanotube aggregate can have, which will allow it to remain colloidal stable in
solution. This information would make the calculation of the % SWNT
suspended more accuration.
5. The accuracy of the model can be improved by accounting for more details in the
experimental system. These details include allowing the adsorbed polymer layer
to be compressible, using a cylindrical geometry for the SWNT in all calculations,
and incorporating further experimental information into the model.
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Appendix A: Fluorescence Peak Fitting and Analysis
The nanotube near-infrared fluorescence measurements were carried out using a
combined HoloLab 5000/Raman Rxnl system from Kaiser Optical Systems, Inc. with a
785 nm laser and 25um slit width. This setup enabled the simultaneous measurement of
Raman and fluorescence (using a CCD camera) peaks. The equipment allows for a
resolution of 4 wave numbers (0.492 meV at 785 nm excitation), which is smaller than
the energy shift that we detect with DNA hybridization. The (6,5) nanotube fluorescence
was fitted (least squares) using Gaussian peaks and the wavelengths of these peak
maxima were used to determine the fluorescence energy. The Gaussian fits had an
average 95% confidence interval of A 0.19 wave numbers (0.02 meV at 785nm) with a
maximum interval of ± 1 wave number (0.123 meV). The full spectra were also
deconvoluted using Gaussian fits for the fluorescence peaks and Lorentzian fits for the
Raman peaks to ensure the accuracy of the (6,5) Gaussian fits used in the analysis.
Sample spectra showing the (6,5) fluorescence of single stranded DNA1-SWNT
and hybridized DNA1-SWNT + cDNA (397nM) are shown below in Figure Al a). The
95% confidence interval was determined for each spectral fit, with an average interval of
± 0.19 wave numbers (0.02 meV at 785 nm) and a maximum interval of + 1 wave
number (0.492 meV). In order to confirm the accuracy of the (6,5) fit using a single
Gaussian peak, the full spectra were fitted using the sum of Gaussian fits for the
fluorescence peaks and Lorenztian fits for the Raman peaks (Figure Al b). Using the
Gaussian fit for just the (6,5) peak, a 2.22 meV energy shift (1.78nm) was calculated for
the spectra before and after hybridization. Using the full deconvolution of the same
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spectra, a 2.20 meV shift (1.77 nm) was calculated, indicating that the Gaussian fit of just
the (6,5) peak was sufficient to fit the fluorescence energy.
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Figure Al: Peak fit algorithm for analysis of SWNT fluorescence spectra. a) The (6,5) fluorescence
peaks for single stranded DNAl-SWNT and hybridized DNAl-SWNT (397 nM cDNA) are shown as data
points while the solid lines show the corresponding least squares Gaussian fits of the peaks. b) The
deconvolution of the entire spectra for single stranded DNA1-SWNT is shown with Gaussian fits for the
fluorescence peaks and Lorentzian fits for the Raman peaks. c) The deconvolution of the entire spectra for
hybridized DNAl-SWNT with 397 nM cDNA.
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Appendix B: Interaction of DMPC with SWNT
One side project which was done in collaboration with several members of the
Strano Research Group involved the development of a SWNT complex for use in solar
cell applications. An overview of the entire project (done by multiple group members) is
given before the details of the side project are shown. In this side project the adsorption
of phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) to SWNT was
investigated using in silico methods.
B1. Introduction and Overview of the Project
Despite the numerous efforts to create efficient synthetic solar cells, nature plant
photosynthetic centers remain more efficient in the harvesting of solar energy. Much
work in the Strano group has been devoted to the development of a nanotube complex for
use in solar cell applications 6. A complex was created from two recombinant proteins, a
phospholipid and a carbon nanotube that reversibly assembles into a particular
configuration. This complex forms an array of 4 nm lipid bilayers housing light-
converting proteins orientated perpendicularly such that the hole conducting site is in
close proximity to the nanotube conductor.
The assembly of this complex is as follows: dialysis of the phospholipid 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) in the presence of membrane scaffold
protein (MSP, an amphipathic apolipoprotein) creates a lipid bilayer nanodisc (ND)
which is approximately 10 nm in diameter and 5 nm high194. These molecules are
dialyzed in the presence of cholate suspended SWNT. Examination of the fluorescence
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from the SWNT before and after ND formation reveals that the (6,5), (7,5), and (8,7)
species of nanotubes undergo a large red-shift (49 to 60 nm) of the emission wavelength.
The common characteristic of these nanotubes is the chiral angle (see section 1.1) of the
tubes, and there appears to be no diameter dependence of the nanotubes. Therefore the
lipid bilayer in the ND is thought to adsorb in such a way that the hydrocarbon chain of
DMPC partially registers in a very specific manner with the graphene lattice, independent
of the curvature of the SWNT sidewall.
B2. Side Project: Investigation of the Interaction between DMPC and SWNT
The interaction between DMPC and graphene (an unrolled nanotube) were
studied using the molecular dynamics package in HyperChem and the AMBER
molecular force field' 95. The flexible hydrophobic chains of DMPC are thought to be
spaced such that they can align parallelly to the unit vectors along the carbon atoms of the
graphene lattice. Registration of hydrocarbon chains on SWNT has been observed
previously' 96 for various surfactant molecules, dissolved in water, that are similar in size
and properties to DMPC. However, in this ND-SWNT work the PL shift is only observed
when the DMPC molecules are bound with the MSP and the entire ND structure is
formed. Since the DMPC head group is hydrophilic, it is expected that only the two tails
contribute significantly to the DMPC adsorption to SWNT. Therefore, molecular
dynamics was used to energetically relax the DMPC molecule relative to the graphene
using Hyperchem software, and the AMBER force field' 95 was used to calculate the van
der Waals energetic contribution for alignment to the graphene lattice of one of the two
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DMPC tails (13 carbon hydrophobic chain). The van der Waals energy of the aligned
chain is 1 kcal/mol more thermodynamically favorable than that of the random chain
orientation with graphene. This result is in agreement with our energy minimizing
simulations that indicate that the tails of DMPC have a tendency to align with the
graphene lattice, regardless of the initial DMPC conformation and orientation (Figure B1).
This favorable alignment is consistent with a registry to the graphene lattice that is
specific to the species of nanotube. Nanotube suspension with other phases such as MSP
or lipid via dialysis do not cause the PL shift.
DMPC initial structure Energy minimized structure
Graphene 
. Tails align to
lattice vectors . lattice vectors
Figure BI: Initial and energy minimized structures of DMPC aligning on graphene surface. The
initial structure of DMPC, with the axis oriented at 250 relative to the graphene lattice vector is shown in
the left panel. The right panel shows that the energy minimized structure has both DMPC tails aligned to
the carbon atoms of the graphene lattice. Alignment of each tail contributes 1 kcal/mol of favorable van der
Waals attraction compared to the randomly oriented tail.
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B3. Calculations for the occupied surface area of energy minimized DMPC on
graphene
Two initial structures were used for the calculations described below, to ensure
that the results had some reproducibility. The first structure is from the PX4 HETATM
in the 3ddl.pdb structure from the Protein Data Bank. The nitrogen head group was
added to the original PX4 molecule using Hyperchem. For the second structure, 7 DMPC
molecules were aligned like a forest to simulate the DMPC conditions in the ND, and the
molecules were energy minimized. One DMPC molecule from the center of the forest
was chosen as the second initial structure.
The initial DMPC structures were rotated such that their axes were at theta = 0, 10,
20, 25, 26, 27, 28, 29, 30 degrees relative to the unit axis vector. Each of these angles is
used to represent the different orientations of the graphene unit vector on the sidewall of
various SWNT species, as shown below in Figure B2. Figure B2 shows the angles of the
unit vectors relative to the (6,5) SWNT axis.
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Red lines indicate unit vectors 270 -330
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Figure B2: Vector alignments on various species of SWNT. a) Unit vector (red lines) orientation of various SWNT
species. b) Angles of the unit vectors relative to the SWNT axis are shown for the (6,5) SWNT
Each of the rotated DMPC structures was energy minimized in vacuo in the
presence of graphene using the Hyperchem software "geometry optimize" function. The
Polak-Ribiere (conjugate-gradient) algorithm was used with termination criteria of an
energy gradient of>0.0lkcal/mol, or 32767 cycles. The resulting areas occupied by the
DMPC hydrophobic chains is shown below for the structure minimized from 3ddl.pdb
and for the molecule minimized in the DMPC forest. Figure B3 shows that the near
armchair nanotubes (theta = 27-28 degrees) for both the 3ddl.pdb and forest structures do
not have outlying occupied surface areas compared to the other nanotubes. Therefore the
red shift is not caused by a difference in the occupied surface area of DMPC. An image
of minimized DMPC at 270 relative to the unit vector is shown to illustrate the occupied
surface area of the DMPC tails.
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Figure B3: Occupied surface area of DMPC tails on graphene. a) the surface areas for DMPC minimized at various
angles indicates that DMPC does not occupy a significantly different surface area on armchair nanotubes as compared
to other SWNT. b) the energy minimized structure of DMPC at 270 orientation is shown to illustrate the occupied
surface area on graphene.
The van der Waals energy was calculated using the AMBER force field and
platform for both of the initial structures at each of the theta orientations. All of the
interactions were favorable, as indicated by the negative van der Waals energies shown in
Figure B4. However, the near armchair SWNT (theta = 27-28) did not show a
significantly higher or lower energy than the other species, indicating that the red shift
cannot be simply explained through a difference in binding energy between DMPC and
graphene.
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Figure B4: Van der Waals interaction energy between DMPC and graphene. Near armchair orientations of do not
have significantly higher or lower energies than the other SWNT species.
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Appendix C: Dextran-SWNT Model Development
C.1 Matlab Code Used to Calculated % SWNT Suspended
The calculations in the model were done using code written in Matlab. The code is
shown below.
function ESJengPercSusp(Null)
% np = number of phenoxy groups per number of dextran monomers in one
chain
MWmono=162.1364; %molecular weight of monomers in g/mole
MWphen=149.16; %molecular weight of phenoxy in g/mole
temp = dlmread('Inputfilel0kDcomplete.txt'); %this is
containing all the experimental data
%temp = dlmread('Inputheight.txt'); %this is the file
all the experimental data
MW = temp(:,l);
phen = temp(:,2);
ratio = temp(:,3);
persus = temp(:,4);
errbar = temp(:,5);
the file
containing
%molecular wt of dextran polymer
%percent phenoxy
%mole Dextran/ mole SWNT
%Experimental %SWNT suspended
%error
MWlOkDa = l:(length(MW(MW == 10000)));
modpersus=zeros(size(persus),l); %array to store values from the
model
sigs=zeros(size(persus),l);
% store MWdextran %phenoxy Dmole/Smole %Suspended
for i = l:length(persus)
%polymer variables are Lp and np
Lp = floor(MW(i)/MWmono); % #monomers/dextran chain
fracphen = phen(i)/100; % fraction of monomers that are phenoxylated
np=floor(Lp*fracphen); % number of phenoxys/chain
Vdext=57.7; %molar vol of 1 dextran monomer cm^3/mole
Vphen=116.4; %molar vol of 1 phenoxy group cm^3/mole
%Vp=(Vdext+fracphen*Vphen)/(l+fracphen); %approx molar volume of
"monomer" %cm^3/mole mono
Vpoly=Vdext*Lp+Vphen*np; %approx volume of func. chain in cm^3/mole
of %chains
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volPhen=(Vphen*np)/Vpoly; %vol fraction of polymer consisting of
phenoxy
GluV=3.2056; %volume of a glucose(dextran) monomer in latt
units, %see XII p. 17
GluL=GluV^(1/3); %length of glucose monomer latt units
LattA=9.631*10^(-20); %area in m^2/unit
LattL=3.103*10^(-10); %length in meters/unit
LattV=2.989*10^(-29); %molecular vol of water, m^3/lattice unit
SD=3.76*10^19*LattA; %density of carbons/m^2 -> C/lattA, see XI p. 266
R=(0.6875*10^-9)/LattL; %10,10 cyl rad. in m -> latt
L=0.5*10^(-6)/LattL; %cyl length in m-> latt
CperSWNT=SD*2*R*pi*L; %# carbons/SWNT
CarbConc=20; %concentration of carbon in mg/L
Nbulk=((CarbConc*6.022*10^23*(100)^3)/(CperSWNT*12*1000*1000))*LattV;
%#swnt/lattice vol.
concSWNT=Nbulk/(6.022*10^23); %moles SWNT/lattice vol.
concpolym=concSWNT*ratio(i); %moles polymer chains/lattice vol.
%FITTING PARAMETERS
%for chi
chiDext=0.40; %chi of dextran
chiphen=0.465; %chi of phenoxy
chi = ((l-volPhen)*chiDext+volPhen*chiphen); %not every phenoxy
adsorbs
%for h
charRat=5; %characteristic ratio of dextran, see XII p. 159
h = 0.192*((Lp/np))*GluL;
%call the percent suspended function here
[modsus,sig] = suspend(h,chi,np,MW(i),ratio(i),Lp);
modpersus(i,l)=modsus;
sigs(i,1)=sig;
%modpersus(i,l)=5; %for testing the plot functions
%sprintf('loop')
end;
%sort data for plots
kD10=[phen(MW10kDa), ratio(MWlOkDa),
persus(MWlOkDa),modpersus(MWlOkDa) , sigs(MWlOkDa)];
dlmwrite('summary2.txt',kDl0,'precision','%6.6e');
%make a 2x3 tiling of plots, %phenoxy vs %suspended
figure
subplot(2,1,1)
plot(kDl0(1:12,1), kDl0(1:12,3),'-
s','MarkerFaceColor', 'r','MarkerSize',3);
xlabel('% phenoxy');
ylabel('%Susp');
subplot (2, 1,2)
plot(kD10(1:12,1) , kD10(1:12,4),'-
s','MarkerFaceColor','r','MarkerSize',3);
xlabel('% phenoxy');
ylabel('%Susp');
%make a 2x3 tiling of plots, moleD/moleS vs %susp
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figure
subplot(2,1,1)
X=[kDlO(5,2);kDlO(13:19,2)];
Y=[kDl (5,3) ;kDl0(13:19,3)];
plot(X, Y,'-s','MarkerFaceColor','r', 'MarkerSize',3);
xlabel('molD/molS');
ylabel('%Susp');
subplot (2, 1,2)
X=[kD10(5,2);kD10(13:19,2)];
Y=[kD10(5,4);kD10(13:19,4)];
plot(X,Y,'-s','MarkerFaceColor','r','MarkerSize',3);
xlabel('molD/molS');
ylabel('%Susp');
end
function [out,sig] = suspend(h,chi,np,MW,ratio,Lp)
percent = (np/Lp)*100;
MWmono=162.1364; %molecular weight of monomers in g/mole
MWphen=149.16; %molecular wt of phenoxy group in g/mole
MWD = MW;
LattV=2.989*10^(-29); %molecular vol of water, m^3/lattice unit
LattL=3.103*10^(-10); %length in meters/unit
LattA=9.631*10^(-20); %area in m^2/unit
SD=3.76*10^19*LattA; %density of carbons/m^2 -> C/lattA, see XI p. 266
R=(0.6875*10^-9)/LattL; %10,10 cyl rad. in m -> latt
L=0.5*10^(-6)/LattL; %cyl length in m-> latt
CperSWNT=SD*2*R*pi*L; %# carbons/SWNT
massCarbConc=20; %concentration of carbon in mg/L
CarbConc=(massCarbConc)/(1000*1000*12); %conc. carbon in moles/cm^3
Nbulk=((CarbConc*6.022*10^23*(100)^3)/(CperSWNT*12*1000*1000))*LattV;
%#swnt/lattice vol.
NbulkR=(Nbulk/LattV)/100^3; %#SWNT/cm^3
NbulkM=(CarbConc/CperSWNT); %mole SWNT / cm^3
MWchain=MW+(np*MWphen); %molecular wt of functionalized dextran
g/mole of chains
massD =(MWchain)*ratio*(NbulkR/(6.022*10^23));
[sig]=phenoxyisotherm(NbulkM,CperSWNT,CarbConc,ratio,np);
sig=0.62396*sig
[kconst,Rate,percSWNT]=CollisionRate(MWD,percent,massD,sig,h,chi);
out = percSWNT
end
function [sig]=phenoxyisotherm(NbulkM,CperSWNT,CarbConc,ratio,np)
thetaT = (CarbConc/(6*10));
see XIII p. 31
%total mole of binding sites #/cm^3,
A=ratio*NbulkM; %initial conc of polymer chains mole/cm^3
K = 8*10^8; %equilibrium constant cm^3/mole
N = np; %total # phenoxys/chain
ql = zeros(length(A),1);
qn = zeros(length(A),1);
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temp = zeros(length(A),1);
tot = zeros(length(A),1);
thetas = zeros(length(A),1);
for i = 1:length(A)
[out,Aequ,theta] = isotherm(A(i),N,K,thetaT);
%returns theta, # of unoccupied sites
ql(i) = out(l);
%conc. of phenoxys bound for polymer with one phenoxy adsorbed
qn(i) = out(N);
%conc. of phenoxys bound for polymer with all phenoxys adsorbed
tot(i) = sum(out);
%conc. of all bound phenoxys for all polymer species
thetas(i)=theta; %store thetas
% size (temp)
% tot(l,:);
end;
thetaT=thetas+tot;
sig = tot./thetaT;
%grafting density of the polymer on SWNT
sig2=(thetaT-thetas)./thetaT;
end
function [out,Aequ,theta] = isotherm(A, N, K, thetaT)
% A = initial polymer concentration
% N = total number of bound sites
% K = single site equilibrium constant
% ThetaT = total surface area of absorbent
factor=0.91; %factor to multiply the K const
polynom = zeros(N+2,1); %array to store the coefficients for the
site conc.
polyA=zeros(N+1,1); %array to store the coefficients for
polymer conc.
polyA(N+1)=1;
polynom(N+2) = -thetaT; %the last term, const.
polynom(N+1) =0.5*K*A-0.5*K*thetaT+l; %the second to last term
polynom(l)=0.5*factor ^ (N-1) *K^N;
for j = 2:(N)
expon = N - j + 2;
polynom(j) = expon*0.5*factor ^ (expon-l)*(K ^ expon)*A -
0.5*factor^ (expon-l)*(K^expon)*thetaT+0.5*factor^ (expon-2)*K ^ (expon-1);
%calc from the highest to lowest power
end
r = roots(polynom);
%this gives array containing roots, including #vacant sites
r(imag(r) ~= 0) = 0;
posr=r(find(r>0)); %keep only the real roots > 0
r2=sort(posr,'descend'); %posr sorted descending
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for j = 2:(N+1)
expon = N - j + 2;
polyA(j-l)=0.5*factor^(expon-l)*K^expon*r2(1)^expon;
end
Aequ=A/(sum(polyA)); %equilibrium conc. of free polymer chain/vol
count=l;
theta=r2(count);
%check to make sure the correct root is used
%for a=l:length(r2)
while A<=Aequ II thetaT<=theta
count=count+l;
theta=r2(count);
for j = 2:(N+1)
expon = N - j + 2;
polyA(j-l)=0.5*factor^(expon-l)*(K^expon)*theta^expon;
end
Aequ=A/(sum(polyA));
end
%calculate total number of occupied binding sites
out = zeros(N,1); %store final terms
for i = 1:N
out(i)=i*0.5*factor^(expon-l)*K^i*theta^i*Aequ;
out(i) = i*(factorial(i)/((N+l)^i))*K^i*theta^i*Aequ;
%out(i) = i*(factorial(i)/((N+l)))*K^i*theta^i*Aequ;
end
end
function
[kconst,Rate,percSWNT]=CollisionRate(MWD,percent,massD,sigma,h,chi)
%this function takes in the integrand from Interaction E.m and
integrates
%height range will be im -> delta or 3*10^10 -> 64.45 latt lengths *)
%same as 03-31-09InteractionEnergy latt.nb, except changed the sign +
%of intE see notebook 11, p 163*)
%volPhen is the fraction of polymer volume that is phenoxy, see XII
p.29
%ninter is the # of monomers between each phenoxy group
%LATTICE SPACE NOT REAL SPACE
LattV=2.989*10^(-29); %molecular vol of water, m^3/lattice unit
LattL=3.103*10^(-10); %length in meters/unit
LattA=9.631*10^(-20); %area in m^2/unit
GluV=3.2056; %volume of a glucose(dextran) monomer in latt units,
see XII p. 17
GluL=GluV^(1/3); %length of glucose monomer latt units
[Chi,Vp,ninter,phiB,volPhen,MoleRatio]=FHchi(percent,MWD,massD);
%calculate the Flory-Huggins param, Chi (unitless) for phenoxylated
dextran
%phiB is the bulk volume fraction of the functionalized polymer
%ninter is the # of monomers between each phenoxy group
%Vp is the volume of one mole of phenoxylated monomer (using mean
%phenoxy contribution)
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%volPhen is the fraction of the total func dextran volume taken up
by
%phenoxy
[ChiD,VpD]=FHchi(O,MWD,massD); %F-H param for pure dextran, for
loops of dextran extending from SWNT
MWDext=162.1364; %MW of dextran monomer
% charRat=6; %characteristic ratio of dextran, see XII p. 159
% b=l; %# of bonds/monomer backbone
% Zp=(MWD*b)/(MWDext*charRat); %segments/chain of dextran
%phiB=4*10^-5; %bulk vol frac of polymer (dextran), see XI p.
254, 133
%see XII p. 19 and excel file
R=(0.6875*10^-9)/LattL; %10,10 cyl rad. in m -> latt
L=0.5*10^(-6)/LattL; %cyl length in m-> latt
k=1.38*10^-23; %Boltzmann const J/K
T=298; %temp in kelvin
V=(2.989*10^(-29))/LattV; %molec. vol water in m^3/molec. -> latt
SA=sqrt(2)*(2*R)^2; %surf area one segment of SWNT in m^2 -> latt,
see
%this is assuming that criss-crossed SWNT stick to form aggregates
%the most likely scenario is that SWNT are not aligning parallel to
stick
%see XI p. 283
%delta=0.19*ninter*GluL; %chain ht in lattU, see XII p29
delta = h;
%check to make sure that SWNT do not get closer than the vdW distance
Exl=delta+2*R; %closest possible config
if Exl>=5.45
%if polymer stretches further than vdW distance then polymer
%dictates the collision distance
else
Exl=5.45; %closest possible config for SWNT, the vdW dist.
%if polymer stretches less than vdW distance then vdW
%dictates the collision distance
end;
Ex2=2*delta+2*R; %furthest possible config
incr=(Ex2-Ex1)/50; %increment to get 50 steps
Ex=Exl:incr:Ex2; %distance steps for Esolv integration
% distance between SWNT in lattice units
%Ex3=(10^-3)/LattL; %set outer limit of integration (for
collision rate)
Ex3=77; %distance where the exp term goes to 1
incr2=(Ex3-Ex2)/200; %set increment of outer integration
ExOut=Ex2+incr2:incr2:Ex3; %set dist steps for outer integral
ExTot=[Ex,ExOut]; %all distance steps used
ExReal=ExTot.*LattL; %distance between SWNT in meters
%mono=3084; %# of monomers in dextran strand
%chnL=h;
chnL=(ninter/2)*(GluL); %the number of solvent segments/ chain
%each phenoxy group is like an anchor point for a mini polymer strand,
see
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%XII p30
nu=0.5-chi; %2nd virial coeff, excluded vol param
v2=1-2*chi; %dimensionless 2nd virial coeff
w=1/6; %third virial coeff from Flory theory
visc=0.001*LattL; %dynamic visc of water -> kg/lattl-s, see XI p.
271
fric=(3*pi*visc*L)/(log(L/(2*(R+h*sigma)))+0.32);
%friction factor in kg/s see XI p. 181 and p. 283
Diff=((k*T)/fric)/LattA;
%diffusion coefficient of SWNT m^2/s -> LattA/s, see XI p. 181
SD=3.76*10^19*LattA; %density of carbons/m^2 -> C/lattA, see XI p. 266
CperSWNT=SD*2*R*pi*L; %# carbons/SWNT
CarbConc=20; %concentration of carbon in mg/L
Nbulk=((CarbConc*6.022*10^23*(100)^3)/(CperSWNT*12*1000*1000))*LattV;
%#conc of SWNT molecule/m^3 -> molecule/lattV, see XI p. 272
NbulkR=(Nbulk/LattV)/100^3; %#SWNT/cm^3
%well=(95.16/1000)*1.6*10^-19*(L*LattL)*10^10;
%well depth in meV/Ang -> J/SWNT
%see XI p. 264, according to girifalco et al
R2=R+(3.3*10^-10)/LattL;
%effective radius of SWNT with phenoxy groups adsorbed
SD2=sigma*volPhen*SD;
%effective carbon density of phenoxy shell around SWNT
A=(15.2*1.602*10^(-19))/3.103^6;
%lennardjones6 eV*Ang^6 -> J-lattL^6, see XI p. 272
B=(24100*1.602*10^(-19))/3.103^12; %lennardjonesl2 eV*Ang^12 -> J-
lattL^12
CollInts=[1,size(ExTot,2)]; %store values of integrands for collision
rate
Pots=[l,size(ExTot,2)]; %store potential energies
Esolvs=[1,size(ExTot,2)]; %store repulsive energy from solvent
IntEs=[1,size(ExTot,2)]; %store interaction energies
%phitest=[2,size(Ex,2)]; %store the phi profiles
BchemP=-k*T*(phiB/chnL + 0.5*v2*phiB.^2 + (1/3)*phiB.^3); %the bulk
chemical potential of solvent
for a=l:size(Ex,2)
r=Ex(l,a);
rREAL=ExReal(1,a);
potential=potentialwell(r,R,A,B,SD,sigma);
%calculate attractive 6-12 L-J between SWNT
Pots(l,a)=potential;
[Esolv,phigood,phimod]=solventE(r,sigma,nu,R,phiB,v2,k,T,SA,V,chnL,Bche
mP,w,chi,h); %calculate repulsion due to solvent compression
Esolvs(l,a)=Esolv;
IntE=potential+Esolv; %total interaction energy
IntEs(l,a)=IntE;
CollInt=exp(IntE/(k*T))*r^(-2); %outer integrand for collision
rate
CollInts (1,a)=CollInt;
end;
%fclose(gid);
234
%Esolvs
%NUMERICAL INTEGRATION TO SOLVE FOR COLLISION RATE
%the lower limit of this integral should be 2*((L+R)/2), 2x the average
%between the SWNT radius and length, see XI p. 282
% use Esolv=BchemP when polymers are too far to overlap
for a=l:size(ExOut,2)
r=ExOut(l,a);
potential=potentialwell(r,R,A,B,SD,sigma); %calculate attractive
6-12 L-J between SWNT
Pots(1,a+size(Ex,2))=potential;
Esolvs(1,a+size(Ex,2))=0;
IntE=potential;
IntEs(1,a+size(Ex,2))=IntE;
CollIntB=exp(IntE/(k*T))*r^(-2); %the repulsion energy -> bulk
chemical potential
CollInts(l,a+size(Ex,2))=CollIntB;
end;
CollTrapl=trapz(ExTot,CollInts);
%lst piece of outer integral in collision rate
CollTrap2=1/Ex3;
%2nd piece of outer integral -> inf, see XII p. 108
CollTrap=CollTrapl+CollTrap2;
CollRate=(4*pi*Diff*Nbulk) ./CollTrap; %collision rate #SWNT/s-LattV
kconst=CollRate/Nbulk; %kinetic const of collision rate
Rate=CollRate/(LattV*100^3); %collision rate in #SWNT/s-cm^3
DiffColl=Diff*4*pi*2*(R+delta/2)*Nbulk;
%diffusion controlled collision rate
PConcs=[1,5]; %store the concentrations of small aggregates
for j=1:5
PConcl=NbulkR*(1/(1+NbulkR*kconst*5400))^2;
PConc2=sign((NbulkR*kconst*5400)/(1+NbulkR*kconst*5400))*abs(((NbulkR*k
const*5400)/(1+NbulkR*kconst*5400))^(j-1));
%Matlab has a bug where it will return imaginary roots for an odd
exp
PConc=PConcl*PConc2; %Conc. of j sized aggregate
%calculate concentration of aggregate made of j of SWNT at
t=5400sec
PConcs(l,j)=PConc;
end;
ConcSWNT=sum(PConcs); %ca
stable in solution
percSWNT=(ConcSWNT/NbulkR)*100;
lculate total concentration of SWNT
%calculate % SWNT suspended
end
function
[Chi,Vp,ninter,phiB,volPhen,MoleRatio]=FHchi(percent,MWD,massD)
%this is in SI units NOT LATTICE UNITS
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%this is a function to use group contribution theory,
Refined %solubility Parameter (RSP) method to estimate the
%solubility of molecules
%the first term is F dispersion, molar attraction constant
%J^0.5-cm^(1.5)-mol^-1
%second term is Fpi, for polar contribution to molar attr
const
%J^0.5-cm^(1.5)-mol^-1
%third term is Ehi, hydrogen bonding energy/structural
group J/mole
%percent is the percent of monomers that are functionalized,
50% = 50
%MWD is the molecular weight of the dextran chains without
%functionalization
%massD is the mass/cm^3 of dextran in the bulk system
MWmono=162.1364; %molecular weight of monomers in g/mole
MWphen=149.16; %molecular weight of phenoxy group in
g/mole
mono=MWD/MWmono; %# of monomers/chain
phengrp=mono*(percent/100); %number of phenoxy
groups/chain
if percent==0
ninter=0;
else
ninter=(mono/phengrp)-1;
%number of monos between each phenoxy
end
MWpoly=MWD+phengrp*MWphen; %molecular weight of func
dextran
concpoly=massD/MWpoly;
%bulk conc. func. polymer in mole/cm^3
concSWNT=2.05181*10^(-11); %mole/cm^3 if 20mg SWNT/L
MoleRatio=concpoly/concSWNT;
R=8.134; %universal gas constant in J/mol-K
T=298; %temperature in K
%vol according to Fedors, Krevelen p. 138
% Vdext=57.7;
%approx molar volume of Dextran monomer cm^3/mole
% Vphen=116.4; %approx molar volume of phenoxy group
cm^3/mole
Vwat=18; %molar volume water in cm^3/mol
%list of parameters for each chemical group
%according to Fedors, Kreveln p. 138
CH2=[4940,16.1];
CH=[3430,-1 ] ;
OH=[21850,13]; %on adjacent C atoms
OH2=[29800,10]; %default
O=[3350,3.8];
ring=[0,0,0];
arom=[31940,71.4];
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%calculate Ecoh groupcontribution for 1 mole dextran
monomer
EcohDext=1*CH2(1,1)+5*CH(1,1)+2*O(1,1)+3*OH(1,l);
Vdext=1*CH2(1,2)+5*CH(1,2)+2*O(1,2)+3*OH(1,2);
%volume of one mole dextran monomer, cm^3/mole
solParamD=sqrt(EcohDext/Vdext); %solubility param dextran
%calculate Ecoh groupcontribution for 1 mole phenoxy group
EcohPhen=2*CH2(1,1)+CH(1,1)+O(1,1)+OH2(1,1)+arom(1,1);
Vphen=2*CH2(1,2)+CH(1,2)+0(1,2)+OH2(1,2)+arom(1,2);
%vol of 1 mole phenoxy group
solParamPh=sqrt(EcohPhen/Vphen); %solubility param
phenoxy
%Solubility Parameter
solParamP=(100*solParamD+percent*solParamPh)/(100+percent);
%overall solubility parameter for polymer
solwat=48;
%overall Hansen solubility parameter of water J^0.5-cm^(1.5) -
mol^-1
%Chi parameter
Chi=(Vwat*(solParamP-solwat)^2)/(R*T);
%estimated Chi parameter of polymer in water
%weighted volume of one monomer, accounting for phenoxy
volume
%in cm^3/mole monomer
Vp=(100*Vdext+percent*Vphen)/(100+percent);
%approx molar volume of "monomer" cm^3/mole mono
Vpoly=Vdext*mono+Vphen*phengrp;
%approx volume of func. chain in cm^3/mole of chains
volPhen=(Vphen*phengrp)/Vpoly;
%vol fraction of polymer consisting of phenoxy
phiB=Vpoly*concpoly;
%bulk volume fraction of func. dextran in solution
end
function [potential]=potentialwell(r,R,A,B,SD,sigma)
%this function calculates the lennard jones potential
between two
%SWNT, LJ is used to calculated the interaction between
two
%neutral atoms or molecules
%takes in array of R values and outputs array of
potentials
%r is the center to center distance between tubes
%R is the radius of the tube
RP=r/R; %gives the relative distance, R=tube radius
nits=@(thetl,thet2)((cos(thet2)-
cos(thetl)).^2+(sin(thet2)-sin(thetl)+RP).^2). ^ (-5/2);
IA=dblquad(nits,0,2*pi,0,2*pi);
nits2=@(thetl,thet2) ((cos(thet2)-
cos(thetl)).^2+(sin(thet2)-sin(thetl)+RP).^2).^(-11/2);
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IB=dblquad(nits2,0,2*pi,0,2*pi);
pot=((3*pi*SD^2) / (8*R^3)) *(-
A*IA+((21*B)/(32*R^6))*IB); %potential/unit length of SWNT
potentialB=pot*2*R*sqrt(2);
%potential of interaction for 2 criss-crossed bare SWNT
potential=potentialB;
%potential=potentialB*(l-sigma); %1-sigma is the fraction for one
surface, %2 surfs -> ^2
end
function
[Esolv,phigood,phimod]=solventE(r,sigma,nu,R,phiB,v2,k,T,SA,V,chnL,Bche
mP,w, Chi, delta)
%solve for solvent repulsion energy within collision
rate
xl=(r-2*R)/2;
%convert center-center distance to 0.5*surf-surf distance
bug=sign((3*sigma^2)/(4*nu))*abs(((3*sigma^2)/(4*nu) ) ( 1 /3)); %Matlab
has a bug, this will
%return the real root of the cube root
phigood=(bug)*((R./(xl+R)).^(2/3));
phimod=((((sigma^2)/(2*w))^ (1/4))*((R./(xl+R)).^(2/4)));
if Chi<0.5
bug=sign((3*sigma^2)/(4*nu))*abs(((3*sigma^2)/(4*nu)) ^ (1 /3)); %Matlab
has a bug, this will
%return the real root of the cube root
phi=@(x)bug*((R./(x+R)).^(2/3));
%volume fraction of polymer in good solvent,
func of z
chemP=@(x)(-k*T.*(phi(x)./chnL +
0.5*v2.*phi(x).^2 + (1/3).*phi(x).^3));
%the chemical potential of solvent in Joules*)
Prefactor=((2*SA)/V);
integrand=@(x)Prefactor.*(chemP(x)-BchemP);
upper=(r-2*R)/2; %upper limit
lowCut=delta+upper;
%sprintf('good solvent')
Esolv=quadl(integrand,lowCut,upper,10 ^- 2 6);
%in units of J/surface pair
elseif Chi==0.5
phi=@(x) ((((sigma^2)/(2*w))^(1/4))*((R./(x+R)).^(2/4)));
%volume fraction of polymer in theta solvent, func
of z
chemP=@(x) (-k*T.*(phi(x)./chnL +
0.5*v2.*phi(x).^2 + (1/3).*phi(x).^3));
%the chemical potential of solvent in Joules*)
Prefactor=((2*SA)/V);
integrand=@(x)Prefactor.*(chemP(x)-BchemP);
upper=(r-2*R)/2; %upper limit
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lowCut=delta+upper;
%sprintf('theta solvent')
Esolv=quadl(integrand,lowCut,upper,10^-26);
else
bug=sign((3*sigma^2)/(4*nu))*abs(((3*sigma^2)/(4*nu))^(1/3)) ;
phi=@(x)bug*((R./(x+R)).^(2/3))+((((sigma^2)/(2*w))^(1/4))*((R./(x+R)).
^ (2/4)));
%volume fraction of polymer in good solvent,
func of z
chemP=@(x)(-k*T.*(phi(x)./chnL +
0.5*v2.*phi(x).^2 + (l/3).*phi(x).^3));
%the chemical potential of solvent in Joules*)
Prefactor=((2*SA)/V);
integrand=@(x)Prefactor.*(chemP(x)-BchemP);
%need upper and lower limits
%low=(r-2*R)./2;
%lower limit of inner integral (energy)
upper=(r-2*R)/2; %upper limit
lowCut=delta+R;
%sprintf('poor solvent')
Esolv=quadl(integrand,lowCut,upper,10^-26);
end;
end
The matlab code requires and input file containing the different phenoxy compositions
and dextran / SWNT ratios. The input file contains 5 columns which tabulate:
1. the molecular weight of the unfunctionalized dextran in Da
2. the % of the monomers that are phenoxylated in one chain
3. the mole dextran / mole SWNT ratio
4. the experimental % SWNT suspended for the corresponding conditions
5. the error for the experimental % SWNT
C2. Development of Rubric to Quantify Colloidal Stability
As a first attempt to describe the experimental data, the colloidal stability ratio
was used as a metric to quantify and compare colloidal stability of different samples. The
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interaction energy between two nanotubes increases or decreases the colloidal stability by
changing the rate at which particles collide and stick together. This rate can be
incorporated into the colloidal stability ratio, W, which quantifies a dispersion's stability
against coagulation1 1.
Rate of diffusion-controlled interparticle collision
W=
Rate of interaction-force-controlled interparticle collision (7-25)
This ratio assumes that the collision of any two particles via random diffusion causes
them to stick and form a small aggregate. In the presence of an interaction energy
between particles, the rate of collision will be faster or slower, depending on whether the
energy is attractive or repulsive. This interaction energy governs the colloidal stability.
Dextran is assembled on the surface of the nanotubes using the dialysis method. For a
given dextran length, the stability ratio of each different phenoxylated dextran-SWNT
was normalized against the maximum stability ratio for the specified dextran length in
order to directly compare with the experimentally measured optical absorption.
The stability ratios were normalized against the maximum stability ratio for a given
dextran length and dextran to SWNT ratio, as was done for the normalized experimental
data in section 6.4.2, equation 6-3. A comparison of the normalized stability ratio, and
the normalized % of SWNT suspended from the experimental data, is shown in Figure
7.5.
In this form, the model was able to describe the main trend of the experimental
data, namely, a maximum colloidal stability at an optimal phenoxy content of the dextran
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with decreasing stability at higher and lower phenoxy content. However, the use of the
stability ratio rendered it impossible to predict the % SWNT suspended in solution a
priori. Therefore, a few correcting constraints were applied to the original model data
shown in Figure Cl.
First, since the stability ratio is a relative measure, the value does not inform
about an absolute concentration of the SWNT suspended in solution. The stability ratio
can only be used to compare whether one system would aggregate more quickly than
another system. Two systems with different stability ratios could both be aggregated in
the relevant time frame, although one system aggregated faster than the other one.
Therefore a stability ratio cutoff was introduced. If the stability ratio was lower than a
given value, then the system was assumed to be fully aggregated at the relevant time
frame. The stability ratio was chosen to be 0.7 for the normalized stability ratios of 10kD
and 70kD Dextran, and a cutoff value of 0.6 was selected for the 500kD dextran. The
unnormalized cutoff values of the stability ratio for all three dextran lengths were
identical.
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Figure C1: Original model: the normalized % of suspended SWNT for three lengths of dextran. The
normalized % of suspended SWNT from the experimental data for the three lengths of dextran (a-c) is
compared with the normalized stability ratio for those dextran lengths, as calculated from the original of the
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model (d-f). The colloidal stability is examined as a function of phenoxy composition of the polymer and
the polymer to SWNT ratio in the system.
At 6% phenoxy, the normalized stability ratio appeared to sharply transition from
no stability to very high stability. This transition was much steeper than the transition in
the experimental data. This sharp increase in stability arose due to an assumption about
the adsorption coeffient, X, the calculation of which is in section 7.4.1. The adsorption
energy of one dextran segment onto the nanotube surface is unknown, so an assumption
was made that the adsorption of dextran is less favorable than the adsorption of water at
low phenoxy, yielding a value of Xs which is less than zero. If Xs < 0, there is no polymer
adsorption to the surface whatsoever. Further contemplation on this matter led to the
conclusion that this assumption, in addition to being somewhat artificial, did not give a
realistic picture of the experimental system. Therefore, in further work on the model
which is described in the next section, this constraint on Xs was removed.
Another issue with this first form of the model was the inability of the model to
describe the stability of the 500kD dextran system at high phenoxy content. The gray
area on the right hand side of the 500kD model data, Figure Cl, is predicted by the model
to have a stability ratio which is orders of magnitude higher than the rest of the 500kD
dextran-SWNT. However, this stability is obviously not observed in the experimental
data. At a high grafting density, which is the case for a long polymer with many
hydrophobic groups that can adsorb to the nanotubes, there are phenomena which occur,
but for which the model does not account. Two such occurrences are polymers on two
different SWNT getting tangled, or polymer bridging between two SWNT, as illustrated
in Figure C2. In these instances, the SWNT would form aggregates even though the
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model might be predicting that the SWNT are repelled due to the high density of polymer.
Additionally, the waves of red color at 6-11% phenoxy for the 500kD model data are
indicative of a numerical instability in the data.
1.Polymers tangled
Polymers tangled
2.
Bridging between
SWNT
Figure C2: Aggregation phenomena for high phenoxy content of dextran. For long polymer strands
and at high phenoxy content, phenomena such as polymer tangling (1) and polymer bridging (2) could
occur, causing aggregation of the SWNT. To account for these phenomena, a higher degree of complexity
would need to be added to the model.
Given, the necessary correction factors, and the aforementioned issues with the
model data, motivated the next stage of development for the model. The revisions to the
model were targeted toward correcting the issues, and improvement of the fit for the
windows of SWNT stability.
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